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ABSTRACT

Biosensors continue to get smaller and faster with the advancement in nanotechnology through
the use of nanomaterials to achieve high sensitivity and selectivity. However, the continued
reliance on biomolecules or enzymes in the biosensor assembly poses the problem of
reproducibility, storage and complexity. This dissertation research address some of the challenges
by investigating the physiochemical properties of nanoparticles to understand its interaction with
biological systems and develop enzyme free biosensors. In this study, we have demonstrated a
novel strategy to integrate cerium oxide nanoparticles (CNPs) as an efficient transducer through
rigorous screening for developing enzyme/label free biosensors for detecting analytes such as
dopamine associated with neurodegenerative diseases and limonin for fruit quality management.
CNPs have been proven to exhibit antioxidant properties attributed to its dynamic change in
surface oxidation states (Ce4+ to Ce3+ and vice versa) mediated at the oxygen vacancies on the
surface of the CNPs. It is also well-established that nanoparticles are resourceful novel materials
with a plethora of applications in the field of nanomedicine.
It is of significant importance to study the changes in physiochemical properties of different
synthesized CNPs for effective use in biomedical applications. In one of the studies, the effects
of different anions in the precursor of the cerium salts used for synthesizing CNPs using the same
synthesis method, were extensively studied. It has been demonstrated that the physicochemical
properties such as dispersion stability, hydrodynamic size, and the signature surface chemistry,
antioxidant catalytic activity, oxidation potentials of different CNPs have been significantly
altered with the change of anions in the precursor salts. . The increased antioxidant property of
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CNPs prepared using the precursor salts containing NO3¯ and Cl¯ ions have been extensively
studied using in-situ UV-Visible spectroscopy which reveal that

the change in oxidation

potentials of CNPs with the change in concentration of anions. Thus, this work demonstrated that
the physicochemical and antioxidant properties of CNPs can be tuned by anions of the precursor
during the synthesis process.
After standardizing the synthesis process, CNPs have been immobilized on highly ordered
polymer nanopillars to develop an optical sensor for dopamine detection. Dopamine, is one of the
main neurotransmitters which plays a significant role in central nervous system and its deficiency
leads to neurological disorders such as Parkinson’s disease, schizophrenia etc. Current biosensors
in the literature use invasive detection techniques and lacks sensitivity to detect physiological
clinically relevant concentrations of dopamine. The interaction between CNPs and dopamine
have been extensively studied using UV-visible spectro-electrochemical studies to achieve the
right surface chemistry (35-70% Ce4+). The sensor exhibits high sensitivity (1fM detection in
simulated body fluid), high selectivity (in acetic acid, sheep plasma) and increased robustness
with several cycles of usage.
Furthermore, we have developed a CNPs based biosensor by integrating it on a transistor platform
for improved sensitivity and better adhesion by immobilizing in silk fibroin matrix. In the final
study, CNPs integrated in silk fibroin (SF) polymer electrospun nanofibers incorporated on an
organic electrochemical transistor platform, is used to develop a limonin sensor. It has been
established that the concentration of limonin in citric fruit predicts the quality in terms of bitter
taste from the HLB bacteria infected fruits. A unique in-house electrospinning set-up using drum
as collector was used to develop SF (extracted from cocoon) nanofibers used as CNP (synthesized
in-situ in fibers) transducer carrier, both of which have a specific interaction with limonin. This
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novel biosensor has exhibited high sensitivity (100nM in PBS) and selectivity (citric acid, sugar
etc.) with improved robustness in terms of reuse.
The broader impact of the study is to develop holistic diagnostic non-invasive biosensors that can
directly be used to detect the analytes using samples from humans and/or on field for fruit quality
determination, which is a huge stepping stone in the advancement of nanotechnology based
biosensors. This will fuel future generation of enzyme free biosensors which can utilize similar
concepts for the detection of other analytes. The biosensor could be printed on a flexible substrate
to advance wearable smart biosensor and could eventually enable users to wirelessly monitor the
analyte concentrations using smartphones.
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CHAPTER ONE: INTRODUCTION

1.1

Introduction to Cerium Oxide Nanoparticles

Cerium is a rare earth metal which belongs to the lanthanide series and exist in two different
oxidation states Ce3+ and Ce4+. Cerium salts corresponding to both the ions are widely explored
in the literature especially the nitrate salts. Cerium nitrate is used extensively as a precursor for
synthesizing cerium oxide materials in nano sized form [1-3], have wide applications as a
electrolyte[4-7]and cathode[8-10] in developing solid oxide fuel cell and sol-gel coatings[11],
etc. The cerium precursor salt and the oxidizer or reducer plays an important role in regulating
the surface chemistry of cerium oxide nanoparticles (CNPs). Cerium oxide exist as a fluorite
crystal structure and it has wide applications as slurry component in chemical mechanical
slurries (CMP) [12-14], a sensor material in gas sensors[15-18], catalyst in car exhaust [19-21],
electrolyte material in solid oxide fuel cell[4, 5, 10], etc.
The catalytic activity in ceria for all its applications is majorly to its oxygen buffering capacity
which enables the transition from Ce4+ and Ce3+ at higher temperatures. It is to be duly noted
that the catalytic properties are not generally exhibited at room temperature. However, due to
recent development in synthesizing cerium oxide nano constructs have shown to exhibit
catalytic properties at room temperature [22]. Cerium oxide nanoparticles prepared at room
temperature at nano scale exhibits the coexistence of both Ce3+ and Ce4+ on the surface of CNPs.
This is well documented using X-ray photoelectron spectroscopy (XPS) [15, 23-29]. The
coexistence of both the oxidation states ate attributed to the fact that the presence of Ce3+ creates
an oxygen vacancy and such vacancies give rise to defects [23]. Lattice imperfections give rise
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to such defects due to increased surface area at nanometer scale, thereby giving rise to oxygen
vacancies.[1, 27]. Thereby to maintain electro-neutrality arising from oxygen vacancies in the
lattice structure, CNPs exist in Ce3+ and Ce4+ oxidation states [23]. The oxygen vacancies act
as catalytic hotspots for other entities such as ions, biomolecules, polymers etc. to undergo a
unique interaction with CNPs. The property of CNPs to be exhibiting enhanced catalytic
properties at nanometer scale, enables them to act as artificial antioxidants [30-33]. In recent
literature CNPs have been extensively explored for their enzymatic mimetic behavior as they
mimic naturally existing antioxidants. They have been widely explored for biomedical
applications as a therapeutic for oxidative stress related disorders owing to their enzymatic
mimetic activities.[34-37]
1.1.1 Biomedical Applications of CNPs:
CNPs have been broadly explored for as a potential antioxidant and therapeutic for oxidative
stress related disorders such as cancer, Alzheimer’s, and other neurodegenerative diseases.
Several studies show that the in vitro and in vivo tolerance of CNPs in terms of toxicity. CNPs
prepared using specific methods do not exhibit any toxicity. CNPs have been extensively
explored for their biomedical applications and some of the examples are it protects the tissue
against radiation protection [1], and aid in inhibiting laser induced retinal damage [38].
Additionally, the other applications of CNPs include reduction of chronic inflammation [33],
aid in spinal injury[26], angiogenesis promotion [24] and help in proliferation of photoreceptor
cells [39]. The fundamental mechanism is attributed to the antioxidant property of CNPs in
oxidation/reduction milieu, resulting from the switching of oxidation states from Ce3+ to Ce4+
[1]. It has been well established that the decrease in the size of CNPs induces increased catalytic
activity.[23] The use of CNPs in biomedical application is attributed to its antioxidant
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enzymatic mimetic activity. It has been established that CNPs mimic the naturally existing
enzymes in the body namely, catalase and superoxide dismutase (SOD). Both the enzymes listed
are accountable for sustaining a delicate balance of reactive oxygen species (ROS) in the body.
The misbalance of such enzymes causes excess of ROS production in the body leading to
oxidative stress related pathological disorders. Moreover, pathogenesis of other diseases are
related to reactive nitrogen species (RNS) [40]. Nitric oxide radical is one of the primary
elements in RNS production species and it has been established that CNPs can scavenge surplus
nitric oxide radical efficiently [36]

1.1.1.1 Reactive oxygen species
ROS are based the combination of oxygen species which consist of one or both non radical and
radical entities. Radical species include entities such as hydroperoxyl (HO2·), hydroxyl (OH·),
superoxide (O2·-) and peroxyl (RO2·) are very reactive in nature and consist of unpaired
electrons. Oxidizing agents come under non-radical species which include hypochlorous acid
(HOCl), ozone (O3) and hydrogen peroxide (H2O2) which do not consist of unpaired electrodes
and are less reactive and more stable compared to the radical species. All of the ROS species
are produced in the human body as a results and a byproduct of normal human metabolism.
ROS plays a very crucial role in important processes such as electron transport in mitochondria,
enzymatic reactions, gene expressions, signal transduction, antimicrobial action and activation
of nuclear transcription factors etc. [41]. Generally the cells of the body have a self-defense
mechanism maintaining a reducing atmosphere towards excess ROS by the presence of
antioxidants. Some of such enzymes which are antioxidants are catalase, glutathione,
superoxide dismutase (SOD), ascorbate, peroxidase, thioredoxinand, and alpha-tocopherol, aid
in maintaining a critical balance of reducing milieu in the cell [41]. The superoxide radial that
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is scavenged by SOD is formed by adding one electron to the oxygen making it highly reactive.
Excess of the superoxide radical is balanced by its interaction with enzymes which scavenge
excess radicals maintaining an equilibrium and acting as a defense mechanism. The enzymes
that scavenges superoxide radical O2·- is SOD [42]. H2O2 is formed as a result of
disproportionation reaction between O2·- and SOD enzyme which is depicted in Figure 1.

Figure 1: Schematic of the disproportionation reaction between SOD enzyme and superoxide
radical to form oxygen and hydrogen peroxide. [43]

Superoxide radical has higher oxidizing reactivity compared to H2O2 formed thus formed.
Furthermore, to maintain the balance, the H2O2 thus formed reacts with the enzyme catalase,
which breaks it down to water and oxygen. The enzyme peroxidase additionally plays a role in
reducing H2O2 to water, though different reductants compounds are used in this case such as
phenolic compounds, thioredoxin, glutathione and ascorbate. The holistic process of the
formation of different reactive species and their reactions with respective enzymes that
scavenges them is shown in Figure 2:
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Figure 2: Schematic showing the reaction pathway of formation of reactive species and its
reaction with enzymes that scavenge the species to break it down to simpler molecules such as
water and oxygen [44]

The imbalance between ROS and antioxidant concentration leads to excess ROS production,
giving rise to oxidative stress which over the time leads to pathologies. Some of the pathologies
related to oxidative stress are neurodegenerative diseases, diabetes, cancer, infertility,
cardiovascular diseases, aging and arthritis [45]. The superoxide radicals are very reactive and
spontaneously react with its corresponding enzyme or other components inside the cell when
excess in concentration and leads to the formation of H2O2.

1.1.1.2 Enzymatic mimetic activity of CNPs:
CNPs have the potential to mimic antioxidants and enzymes such as SOD [34], and catalase
[35]. The atomistic model representing the mechanism of the SOD mimetic activity of CNPs
has been represented in Figure 3 and additionally the regeneration nature of the CNPs has been
illustrated. Apart from ROS, CNPs have been established to scavenge RNS species such as
nitric oxide radicals [36].
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Electron paramagnetic resonance (EPR) analysis has been performed to investigate the
scavenging capacity CNPs towards ROD species [37, 43]. In literature, a competitive
cytochrome c assay was used to quantify the antioxidant SOD mimetic activity of CNPs. It has
been well established that CNPs with more Ce3+/Ce4+ ratio on the surface has more SOD
mimetic activity compared to reduced ratios of Ce3+/Ce4+ [37]. SOD mimetic reactions produce
hydrogen peroxide as a byproduct. In one of the studies, it has been demonstrated from the
enzymatic calculations of CNPs which are 3-5 nm in diameter have greater rate constants (3.6
× 109 M–1 s–1 ) compared to that of just SOD enzyme itself (1.3–2.8) × 109 M–1 s–1). This
illustrates the fact that the surface chemistry of CNPS regulated by the ratio of Ce3+/Ce4+ plays
a significant role in regulating the enzymatic mimetic activity. Table 1 illustrates the effect of
Ce3+/Ce4+ on the antioxidant properties of CNPs.

Figure 3: The surface regenerative reactions of CNPs and the reactions of SOD mimetic
enzymatic reactions of CNPs with super oxide radical has been illustrated showing the
formation of H2O2 and oxygen [46]
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Table 1: Illustrates the surface chemistry of CNPs with the bio-catalytic property of CNPs
which are extensively studies for their potential application in the field of biomedicine. The
comparison between two different CNPs prepared using different synthesis methods with
varied surface chemistry (Ce3+/Ce4+) has been demonstrated. It can be clearly observed that
CNPs with more Ce3+ on the surface are more SOD mimetic in nature and those with more
Ce4+are more catalase enzyme mimetic in nature. Additionally, it has been well established
that CNPs also scavenge RNS species such as nitric oxide radical (NO ).

CNP high
Catalytic activity
3+

Ce /Ce

CNP low Ce3+/Ce4+

Size (nm)

4+

SOD mimetic

Yes

No

3-5

Catalase mimetic

No

Yes

8-16

NO Scavenger

No

Yes

5-10

OH Scavenger

Yes

No

5-10

1.1.2 Catalytic activity of CNPs regulated by Ce3+/Ce4+ on the surface:
The surface area available and the orientation of crystallographic planes in CNPs highly regulate
the catalytic property at nanoscale level. It has been previously demonstrated that the (100)
family of planes [27] of CNPs exhibit the highest catalytic activity [47]. This was previously
illustrated by changing the morphology which can be controlled by changing the synthesis
method of preparation of CNPs [47]. The atomistic model of CNPs lattice has been
demonstrated in Figure 4, in which the small spheres correspond to oxygen atoms and the large
spheres correspond to cerium atoms. The blue and the red color correspond to Madelung energy
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distribution which denotes the high and low energies respectively. The energy required to break
a bond is the measure of Madelung energy which in turn refers to the catalytic activity of the
entity of interest. The regions corresponding to high Madelung energy gives rise to lower
catalytic activity. It can be clearly observed that the concentration of red spheres on (100) planes
are much more pronounced than (111) family of planes, thereby having more sites for catalytic
reactions [47]. It has been previously mentioned that another major parameter that regulates the
catalytic property is the ration of Ce3+/Ce4+ on the surface of CNPs. The surface chemistry or
the ratio of Ce3+/Ce4+ can be extensively modulated by changing the oxidizer precursor during
synthesis, size of CNPs, introduce the use of surfactant/polymer into the system.

Figure 4:Image illustrates the atomistic model of cerium oxide lattice and the distribution of
Madelung energy in CNPs.[47]

1.1.2.1 Modulating Ce3+/Ce4+ using different Synthesis Methods
Previously, we have discussed that the Ce3+/Ce4+ surface chemistry of CNPs can be modulated
by regulating the size of the nanoparticles. The decrease in size leads to the formation of oxygen
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vacancies at nano meter level. Likewise, the Ce3+/Ce4+ can additionally be regulated by
changing the method of synthesis which leads to modulation of different concentration of
vacancies on the surface. It has been established that the use of H2O2 as oxidizer during the wet
chemical synthesis leads to more Ce3+ on the surface of CNPs, resulting in increased SOD
mimetic activity [34]. On the other hand, the use of NH4OH as the reagent to form CNPs from
the cerium salt precursor leads to CNPs with more Ce4+ on the surface, exhibiting more catalase
mimetic activity [35]. The representative X-ray photoelectron spectroscopy of CNPs produced
using H2O2 in sample A and that using NH4OH in sample B has been illustrated in Figure 5.
The Ce (3d) XPS spectra has been used to calculate the Ce3+/Ce4+ ratio on the surface of CNPs
by deconvoluting the peaks corresponding to both Ce3+ and Ce4+ and calculating the ratio
between the contribution from Ce3+ integrated peak areas and that of Ce4+ contributed integrated
peak areas. Additionally, it has been studied that by varying the synthesis parameters during
hydrothermal synthesis, changes the morphology of the particles thus formed and the surface
chemistry is significantly altered [48].
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Figure 5: The Ce (3d) XPS spectra of CNPs synthesized using two different
oxidizing/reducing agents namely H2O2 (sample A) and NH4OH (sample B). It can be clearly
observed that sample A has more Ce3+ on the surface of CNPs compared to that of sample B
which has more Ce4+ on the surface [34]

1.2

Introduction to Enzyme free Biosensors

1.2.1 Introduction to Biosensors
Biosensors are devices that are used to detect, monitor and measure significantly relevant
biological analytes. The biological analyte or entity to be detected has a special interaction with
the sensor material which is transduced in the form of optical, mechanical and electrochemical
signals that are read by the biosensor [49]. Typically in case of an electrochemical biosensor,
the electrical signal output is a result of redox reactions between the bio-receptor agent and the
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analyte. Come of the most commonly used bio-receptor sensor materials are antibody, enzymes,
specific ligands or a whole cell. In many cases the sensor material is connected to the conductive
electrode of the biosensor using a mediator. The role of the mediator is to aid in the electron
transfer reaction between the electrode and the sensor material that reacts with the analyte [50].
There are review papers which illustrate the use of different mediators combined with different
sensor materials or bio receptor to develop electrochemical biosensors [51]. In case of optical
biosensors, the interaction between the analyte and the bio-receptor usually regulates the
characteristics of the emitted light using transducer mechanisms such as fluorescence, surface
plasmon resonance, absorbance, light reflectivity and chemiluminescence. The analysis of the
emitted light reveals the sensitivity of the biosensor towards a particular analyte. In literature, a
significant number of studies have explored the use of optical biosensors with microfluidic
channels for biomedical in vitro applications [52, 53]. Additionally in case of electrochemical
biosensors, there are a number of illustrated studies that effectively reduced the size of biosensor
and have been implanted in vivo [51, 54-57].

1.2.2 Introduction to Enzyme free Biosensors
In 1962, the first ever enzyme based biosensor has been reported and ever since then, there is a
lot of research in the literature that focusses on the development on enzyme based biosensors.
There are numerous drawbacks concerning the application of enzyme based biosensor. Some
of the limitations include the complicated stabilization and immobilization process of enzymes
onto to the substrates of biosensor. Additionally, the activity of the bio-receptor enzyme gets
highly effected by small changes in the environment such as humidity, pH, temperature etc.
This leads to erratic results and decreased stability of the biosensor. Another important concern
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of using enzyme based biosensors at the maintenance in preservation of the structure of the
enzyme and the high cost of the enzyme itself. Thereby, due to the above described limitations,
research focused on enzyme free biosensors are extensively being explored for developing more
reliable biosensors for practical use. Transducer mechanisms such as optical and
electrochemical methods are highly explored to develop enzyme free biosensor in the literature.
The detection of analytes such as glucose, uric acid and hydrogen peroxide have been
extensively researched for developing electrochemical enzyme free biosensors. The detection
of such electroactive analytes make it easier to detect suing normal conductive electrodes,
thereby eliminating the use of mediators. With the advancement of nanotechnology, recent
development lead to the use of advance coatings such as nonporous coatings for applications
concerning biofouling effects [58]. Additionally, other materials such as modified nanoparticles
and nanowires [59-62], electrochemical biosensors based on carbon nanotubes (CNTs) [63],
and optical biosensors based on nanoparticles [53, 64, 65] have been extensively studied. MEMs
based technologies are being employed to develop nanoarrays assembled on silicon substrates
[59, 62]. In one of the studies, Cu-CuO nanowires have been developed to sense glucose and
testing in in vitro environments. In another illustration [60]. In another illustration, CNTs have
been used to aid in the electron transfer between the analyte as it can reach the molecules redox
center much easier [63].
Research focused on optical biosensors, often additionally use the emitted light in the infrared
region. In one of the studies, they have used the transducer mechanism of chemiluminescence
of the peroxalate nanoparticles to detect H2O2 in in vivo conditions with increased sensitivity
up to few nano molar concentration and selectivity [66]. The sensor material has exhibited high
selectivity as they did not interact with other ROS present in the system.
Recent advancement in technology enables the detection of glucose levels in tears using non12

invasive techniques by developing biosensors on the surface of soft contact lenses [67, 68]. In
another study, polydimethyl siloxane (PDMS) and 2-methacryloyloxyethyl phosphorylcholine
(MPC) was used to develop contact lenses that can be integrated with biosensors that operate
using electrochemical route to detect glucose at a steady state and overcome the limitation of
chemical and mechanical irritation in the eye [67]. Intraocular pressure (IOP) is additionally
been monitored using ocular biosensors by means of change in corneal curvature. The contact
lens made of PDMS assembly comprised of MEMS pressure sensor [69]. Additionally, in
another study, human eyes were examined using wireless transmitters.[68].
Some of the most known sensor materials used in biosensors for detection of H2O2 are
nanoparticles of different metal and metal oxide materials such as TiO2, MnO2, CuO, Cu2O,
Co3O4, etc., as they display electrochemically recognized catalytic activity. Transition metal
nanoparticles are established to be efficient catalyst materials due to the ability of existence of
multiple oxidation states. They are additionally known to have special surface interaction with
different analytes. Furthermore, at nanoscale level, they project high surface area, enhanced
electrical activity with controlled size modulation, increased mass transport which aid in
improving the performance of the biosensor [70].
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CHAPTER TWO: MODULATING THE CATALYTIC ACTIVITY OF
CERIUM OXIDE NANOPARTICLES USING DIFFERENT ANION OF
THE CERIUM PRECURSOR SALT DURING SYNTHESIS

It is well-established that nanoparticles are resourceful novel materials with a plethora of
applications in the field of nanomedicine. Cerium oxide nanoparticles (CNPs) have been
proven to exhibit antioxidant properties attributed to its dynamic change in surface oxidation
states (Ce4+ to Ce3+ and vice versa) mediated at the oxygen vacancies on the surface of CNPs.
In this study, the effects of different anions in precursor cerium salts that were used to prepare
CNPs using the same synthesis method, were thoroughly investigated. It has been
demonstrated that the physicochemical properties such as dispersion stability, hydrodynamic
size, and the signature surface chemistry, antioxidant catalytic activity, oxidation potentials of
different CNPs have been significantly altered with the change of anions in the precursor salts.
. The increased antioxidant property of CNPs prepared using the precursor salts containing
NO3¯ and Cl¯ ions have been extensively studies using in-situ UV-Visible spectroscopy. The
study demonstrates the change in oxidation potentials of CNPs with the change in
concentration of the nitrate and chloride ions, thereby revealing the rationale that the presence
of different anions around CNPs can significantly change the surface chemistry and antioxidant
properties of CNPs. Thus, this work demonstrated that the physicochemical and antioxidant
properties of CNPs can be tuned by anions of the precursor.
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2.1 Introduction

2.1.1 Introduction to surface chemistry of CNPs
Nanoparticles have been changing the facade of nanotechnology with their advanced
characteristics features and properties attributed to miniature size and morphology. The properties
of nanoparticles have generated a plethora of applications in the field of biomedicine, optics,
energy science etc. [71]. Ceria nanoparticles (CNPs) have proven to be novel material in the field
of nanomedicine and have potential application in drug delivery systems with therapeutic abilities.
The revelation of CNPs having antioxidant mimetic properties has led to wide applications as a
possible therapeutic for pathologies related to oxidative stress [46]. Previously, ceria has been
known for its application in catalysis, solid oxide fuel cells, chemical mechanical polishing,
ultraviolet shielding etc.[72-75]. The nano size property of CNPs has enabled them to mimic
naturally existing enzymes such as superoxide dismutase (SOD), catalase etc. by scavenging and
modulating the reactive oxygen species (ROS) concentration in the microenvironment around the
nanoparticles[76]. CNPs can be delicately formulated for both the oxidation states of cerium; Ce4+
and Ce 3+ to coexist on the surface of CNPs. The regenerative property of CNPs is the result of
switching of oxidation states from Ce3+ to Ce4+ and vice versa which enables them to perform
as antioxidants[77]. This simultaneous coexistence of both the oxidation states in different ratios
creates oxygen vacancies, plays a crucial role in tunneling the surface chemistry of CNPs. These
oxygen vacancies act as potential hotspots for pronounced catalytic activity, possessing
antioxidant properties with applications in biomedicine and health care [34]. Thereby CNPs are
found to be effective against pathologies associated with chronic oxidative stress (such as cancer,
neurodegenerative diseases, etc.) and inflammation[78]. They are well tolerated in both in vitro
and in vivo biological models, which makes CNPs suitable for nano-biology and regenerative
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medicine applications [46]. Some of the previously reported application of different CNPs. Free
radical formation during cellular growth hinders cell differentiation and the induction of
angiogenesis of CNPs with a high Ce3+:Ce4+ ratio aids in wound healing applications by
promoting cell growth/tissue engineering through antioxidant activity[79]. The difference in the
surface chemistry of CNPs, modulated by the surface Ce3+:Ce4+ concentration regulated the extent
and variation in antioxidant property. The characteristic properties of nanoparticles are highly
susceptible to changes in its microenvironment such as pH, ionic strength, temperature, moisture,
radiation light etc. due to the high surface energy at lower size. The synthesis method and the
chemistry between precursors play an equally important role in determining the physio-chemical
characteristics and bioactivity of CNPs [23, 76, 80].

2.1.2 Introduction to Synthesis Methods of CNPs
There are several synthesis methods that have been adopted for preparing cerium oxide
nanomaterials for different applications such as hydrothermal, spray pyrolysis, thermos
hydrolysis, electrochemical synthesis, wet chemical, gas condensation, microemulsion,
solvothermal, solgel and sonochemical synthesis [81]. The interaction between nano-bio
interfaces can be significantly influenced by the physical properties of nanoparticles such as size,
surface charge, agglomeration, and the coating of biomolecule/polymer on the surface. The
chemical properties of CNPs such the surface chemistry regulated by the surface Ce3+/Ce4+ ratio
can significantly modulate the bioactivity and antioxidant property of CNPs[80, 82, 83]. It has
been previously reported that the physical properties of CNPs are influenced by the synthesis
methods and parameters. The presence of biomolecules or polymers or a chemical entity can alter
the physical and chemical properties of CNPs. The protein corona formation in the biologically
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relevant media is regulated by the dispersion stability and the presence of any chemical entity on
CNPs, thereby deciding the cellular internalization of the nanoparticles[76, 84]. Thereby it is
necessary to extensively characterize and analyze the role of chemical entities; undesirable or
desirable, present on the surface of CNPs, post synthesis before it is used for biomedical
applications[80]. Previously, it has been illustrated that the high temperature synthesis methods
of CNPs generally have higher particle size, size distribution and degree of agglomeration. On
the other hand, room temperature synthesis techniques such as microemulsion and wet chemical
provides better control of particle size distribution and generated lower particles size (<10nm).
Wet chemical synthesis provides the advantage of creating homogenous distribution of small
sized (3-5nm) particles with stable dispersion, which are perfectly suitable for biomedical
applications[85]. The pH of the solution can be regulated to modulate its dispersion stability with
increased suspension in acidic pH. The ratio of Ce3+:Ce4+ is one of the crucial factors that
determines the antioxidant property of CNPs, regulating their bioactivity. It is generally observed
that the ratio of surface Ce3+:Ce4+ is more in room temperature preparation using wet chemical
synthesis. Though this ratio extensively correlates with the oxidizing or reducing agent used for
the synthesis of CNPs from cerium salts. It has been reported that the CNPs prepared using a base
such as ammonium hydroxide or sodium hydroxide have high Ce4+ concentration on the surface
(Ce3+:Ce4+-:21-30%). Whereas the CNPs prepared in oxidizing atmosphere of H2O2 have high
Ce3+ concentration on the surface of CNPs (Ce3+:Ce4+-:55-65%)[23, 27, 37, 86]. The surface
chemistry can be additionally modified by changing the pH of the dispersion and by doping CNPs.
It is important to note that, in all the above described results cerium nitrate hexahydrate salt has
been used a precursor to prepare CNPs with different oxidizing/reducing agents to create different
physicochemical properties.
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2.1.3 Introduction to Different Precursor of Cerium Salt to Synthesis CNPs
The study of different precursor salts to prepare CNPs with different physicochemical properties
is not yet reported to the best of the author’s knowledge and is yet to be explored. This study has
been motivated to study the influence of different precursors of cerium salt (such as cerium
acetate, cerium ammonium nitrate, cerium chloride, cerium nitrate and cerium sulfate) having
different anion, on the physiochemical properties of CNPs. The extensive physiochemical and
bioactive properties of CNPs synthesized using wet chemical synthesis in oxidizing environment
created by H2O2 using these salts have been extensively reported. Apart from the physical
properties, the surface chemistry and the change in antioxidant properties of different CNPs
synthesis from different cerium salt has been investigated. The chemistry of the anion in relation
to the surface chemistry of CNPs and its antioxidant properties have been additionally
investigated by in-situ UV-Visible spectro-electrochemical analysis. In addition, we found that
CNPs prepared from cerium chloride as precursors were found to be ESR (Electron spin
resonance) mute; hence, the CNPs synthesized from cerium chloride as precursors are suitable for
radiation chemical studies of biomolecules (e.g., DNA) employing ESR spectroscopy.

2.2 Materials and Methods

2.2.1 Synthesis of CNPs from different cerium salts
In this study, CNPs were prepared using wet chemical synthesis as described previously[87]. Five
different CNPs were prepared using five different cerium salts namely cerium acetate, cerium
ammonium nitrate, cerium chloride, cerium nitrate and cerium sulfate. All of the CNPs were
synthesized using the same method in which, the cerium salt solutions were prepared by stirring
18

the salt solutions for one hour to achieve a final concentration of 5mM of CNPs. H2O2 was added
to the solutions to initiate oxidation of the cerium salts followed by thorough stirring to form
crystalline CNPs. All the CNPs samples were allowed to stabilize in the dark for 30 days and then
analyzed for studying their physiochemical properties.
.
2.2.2 Characterization of CNPs
The hydrodynamic size and zeta potential were measured using Zeta Sizer Nano (Malvern
Instruments). The Zeta sizer uses dynamic light scattering (DLS) technique which operates using
a laser of 633nm wavelength. High resolution transmission electron microscopy (HR-TEM)
images were obtained using Philips (Tecnai Series) TEM operating at 300 KV. Lambda 750S
UV/VIS spectrometer (Perkin Elmer) was used to obtain UV-visible spectra. A 10mm path length
quartz cuvette were used to perform the measurements. The surface chemistry illustrated by the
concentration of Ce3+ was calculated from the X-ray photoelectron spectroscopy (XPS) spectra
of Ce 3d using a 5400 PHI ESCA (XPS) spectrometer. Mg-Kα X-ray radiation (1253.6 eV) was
used at a power of 300 watts for taking the XPS measurements at a base pressure of 10−9 Torr.
A reference peak of C-1s at 284.8 eV was used to compensate any peak shift due to charging
effects.

2.2.3 Analysis of SOD Mimetic Activity
A superoxide dismutase assay kit was used to measure the SOD mimetic activity of all the CNPs.
The kit uses a water-soluble tetrazolium reagent salt, WST-1 that converts into a formazan dye
upon reduction due to presence of superoxide anion. FLUOstar Omega (BMG labtech) UVVisible spectroscopy was used to measure the absorbance of WST-1 formazan dye at 440nm in a
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96 well plate. The kinetics of the reaction were recorded up to 30 min and analyzed for their
%antioxidant SOD mimetic activity. 1mM CNPs solutions were used to measure the SOD
mimetic activity and pure water was used a control sample that does not have SOD mimetic
activity.

2.2.4 In-situ UV-Visible Spectro-electrochemical set up
UV-visible spectro-electrochemical measurements were obtain to gauge the change in surface
chemistry in presence of different anions by oxidizing the solution by simultaneous application
of voltage to the CNPs solution. Lambda 750S UV/VIS spectrometer (Perkin Elmer) was used
to perform the experiments in which the sample cuvette has an electrochemical cell set up. The
potentiostat by Bio-Logic SA, Model VSP was used for take the electrochemical measurements.
The cell set up had reference, counter and working electrodes that were placed inside the UVVisible cuvette. The components of the cell were; Ag/AgCl electrode as reference electrode,
thin platinum mesh of 1cmX0.7 cm as working electrode and a thin platinum wire as counter
electrode. The cuvette used in our experiments has a path length of 2mm and autozero
corrections were performed to eliminate the effects of all the electrodes inside the cuvette before
running the experiments. The open circuit potentials were measured inside the cuvette by taking
the measurements for 20 min until the value reaches an equilibrium. Chrono-amperometry was
performed by applying a constant voltage for 3 min while UV-Visible spectrum was
simultaneously recorded.
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2.3 Results and Discussion

2.3.1 Synthesis and Characterization of CNPs prepared using different precursor
In this study, we have prepared CNPs using different precursor having different counter anion
which includes, cerium acetate, cerium ammonium nitrite, cerium chloride, cerium nitrate and
cerium sulfate. All the samples were prepared the same way using H2O2 to reduce the precursor
salts to cerium oxide nanoparticles. Additionally, a time based physiochemical characterization
of the nanoparticles have been carried out to observe the changes in size and zeta potential
during the stabilization period of 30 days. This shall give a deep insight into the dispersion
stability of the nanoparticles which can help discern the catalytic properties for antioxidant
properties.
Figure 6 demonstrates the solutions of CNPs prepared using cerium acetate (CNPs-Ac), cerium
ammonium nitrite (CNPs-AmN), cerium chloride (CNPs-Cl), cerium nitrate (CNPs-N), and
cerium sulfate (CNPs-S). All of the CNPs solutions except CNPs-S appear to be stable as there
do not exhibit any turbidity or precipitation. CNPs-S exhibits turbidity and precipitation
indicating dispersion instability. Furthermore, initially on day 0 when the samples were
prepared, the CNPs-Cl and CNPs-N solutions were transparent yellow in color which turned to
transparent over the duration of 30 days. This has been previously observed in CNPs-N and the
yellow color has been concluded to arise from the addition of hydrogen peroxide to cerium salts
to prepare CNPs.
The size and the zeta potential of the nanoparticles have been investigated over a period of 30
days to observe the dispersion stability of the nanoparticles using dynamic light scattering
(DLS). Figure 7 depicts the change in size and zeta potential of CNPs-Ac, CNPs-AmN, CNPsCl, CNPs-N and CNPs-S. It can be clearly observed that the hydrodynamic diameter of
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nanoparticles on day 0 started of smaller compared to their increased diameter with time on day
30. All of the nanoparticles except that of CNPs-S which depicts turbidity shows smaller size
due to dispersion stability. In case of CNPs-S, the DLS measurements might not give accurate
results due to scattering phenomenon and the exposed volume of sample to the beam might not
contain enough CNPs as they are precipitated due to unstable dispersion stability [88].

Figure 6: (A) Image demonstrates the solutions of CNPs prepared using cerium acetate
(CNPs-Ac), cerium ammonium nitrite (CNPs-AmN), cerium chloride (CNPs-Cl), and cerium
nitrate (CNPs-N), and cerium sulfate (CNPs-S) precursor. All of the CNPs solutions appear to
be stable as there do not exhibit any turbidity or precipitation accept for CNPs-S which shows
turbidity and precipitation indicating dispersion instability.(B) Transmission electron
microscopy images of CNPs-Ac, CNPs-AmN, CNPs-Cl, CNPs-N and CNP-S. The images
depicts the crystallinity of CNPs prepared from all different precursors.
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Similarly the zeta potential of the nanoparticles shows a close relation to the hydrodynamic size
data, which depicts that the CNPs-S has the least zeta potential which is almost constant with
time. It has been established that zeta potentials of colloidal solutions of more than 30mV are
considered to be stable dispersion of nanoparticles[89]. CNPs-S depicts decreased zeta potential
with highest hydrodynamic size indicating lowest dispersion stability followed by CNPs-AmN.
This indicates that the dispersion increases in the order of CNPs-S< CNPs-AmN< CNPs-Ac <
CNPs-Cl ≈ CNPs-N. It can be concluded that the presence of ammonium nitrate and sulfate
anion is significantly effecting the dispersion stability of CNPs compared to that of nitrate,
chloride and acetate ions. The lower hydrodynamic size and higher zeta potential are indication
of stable suspension of CNPs. Such CNPs can possibly depicts higher catalytic activity due to
higher surface area and increased stability. It can be inferred that CNPs-Cl, CNPs-N and CNPsAc might depict higher catalytic activity, indicating enhanced potential antioxidant capacities.
It can additionally be noted that the zeta potential values of all the CNPs do not change
drastically over the duration of formation for 30 days.
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Figure 7: (A) The size and the zeta potential of the nanoparticles have been investigated over
a period of 30 days to observe the dispersion stability of the nanoparticles using dynamic light
scattering (DLS). Figure 7 depicts the change in size and zeta potential of CNPs-Ac, CNPsAmN, CNPs-Cl, CNPs-N and CNPs-S. It can be clearly observed that the hydrodynamic
diameter of nanoparticles on day 0 started of smaller compared to their increased diameter
with time on day 30. The zeta potential analysis indicates that the dispersion increases in the
order of CNPs-S< CNPs-AmN< CNPs-Ac < CNPs-Cl ≈ CNPs-N. The low hydrodynamic size
and high zeta potential are indication of stable particles which depicts higher catalytic
activity due to higher surface area and increased stability

.
2.3.2 Surface Chemistry of CNPs prepared using different precursor
The UV-visible spectrophotometry of Ce in CNPs provides quantitative and qualitative
information about the change in oxidation states which is clearly depicted in Figure 8A. The
UV-Visible spectra of different CNPs have been recorded after 30 days. The peak around
252nm and 290nm corresponds to that of Ce3+ and Ce4+ respectively in CNPs. In case of CNPsAc, the peak intensities of both Ce3+ and Ce4+ are more prominent. On the other hand, in case
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of CNPs-Cl, CNPs-N, CNP-AmN and CNPs-S, the peak of Ce3+ alone is more pronounced. It
has been previously reported that higher concentration of Ce3+ on the surface is more SOD
mimetic in nature[34] whereas the higher concentration of Ce4+ is more catalase mimetic in
nature[35]. This indicates that the ratio of Ce3+/Ce4+ are more dominant in case of CNPs-Ac,
CNPs-Cl and CNPs-N, indicating better SOD antioxidant mimetic activity. In case of both
CNPs-AmN and CNPs-S, the Ce3+ peak intensity is more prominent compared to Ce4+ peak
which is almost insignificant in intensity . It can also be noted that in case of CNPs-N and CNPsCl the Ce3+ peak shape is more clear compared to CNPs-AmN and CNPs-S. It can be clearly
inferred that even despite the same synthesis method and oxidizing agents, the change in cerium
precursor salt consisting of different anion can significantly alter the surface chemistry of CNPs,
generating varied potential catalytic activity.
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Figure 8: (A) The UV-visible spectrophotometry of different CNPs have been recorded every
6 days for a duration of 30 days of their formation. In case of CNPs-Ac, CNPs-Cl and CNPsN, the peak intensities of Ce3+ and Ce4+ are more prominent compared to that of CNPs-AmN
and CNPs-S. CNPs-Cl sample depicted higher intensities of both Ce4+ and Ce3+ whereas
CNPs-Ac and CNPs-N higher intensity of Ce3+ compared to that of Ce4+ in case of CNPs-Ac,
CNPs-Cl and CNPs-N. (B) The XPS results indicate that the %Ce3+ on the surface of CNPs is
higher in case of CNPs-N followed by CNPs-AmN. CNPs-Cl and CNPs-S have approximately
the same amount of Ce3+ concentration on the surface of CNPs. Furthermore, CNPs-Ac has
the least amount of Ce3+ on the surface of CNPs.

XPS analysis of CNPs prepared using different precursors was performed on day 30 to analyze
the dynamic surface chemistry of CNPs which is mainly regulated by concentration of Ce3+ and
Ce4+ on the surface. The XPS spectrum of Ce (3d) of CNPs were analyzed to calculate the
%Ce3+ on the surface of the nanoparticle as shown in Figure 8B. The results indicate that the
%Ce3+ on the surface of CNPs is higher in case of CNPs-N (~55.3%) followed by CNPs-AmN
(~41.1%). CNPs-Cl (~34.6%) and CNPs-S (~35%) have approximately the same amount of
Ce3+ concentration on the surface of CNPs. Furthermore, CNPs-Ac (~30.6%) has the least
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amount of Ce3+ on the surface of CNPs. This indicates that the CNPs-N is inferred to have the
highest SOD mimetic activity followed by CNPs-AmN, CNPs-Cl, CNPs-S and CNPs-Ac.
Though the dispersion instability observed in CNPs-AmN and CNPs-S can alter the SOD
mimetic activity due to scattering effects during the reading of the assay plate in UV-Visible
spectroscopy. It can be interpreted from the surface chemistry analysis of different CNPs that
the change in anion of the cerium precursor can extensively change the surface chemistry of
CNPs. thereby, by using the same synthesis method, we have potentially observed a huge
difference in the surface chemistry that can lead to different antioxidant capacities of CNPs
synthesized from different precursor salts.

2.3.3 SOD mimetic activity of CNPs prepared using different precursor
SOD assay kit was used to analyze the SOD mimetic activity of CNPs. In this assasy, a water
soluble WST-1 tetrazolium salt is used to as a reagent which forms a formazan dye when it is
reduced by the superoxide anion. DI water was used as a negative control which does not have
any SOD mimetic activity to compare with CNPs. In this study, the SOD mimetic activity of
CNPs was evaluated using the kit after day 30, and the % of SOD-antioxidant capacity was
calculated for different CNPs prepared using different precursors. The SOD mimetic activity of
different CNPs are presented in Figure 9A, which indicates the higher SOD mimetic activity of
CNPs-Cl, CNPs-N followed by CNPs-Ac. The curve farther from the negative control is more
SOD mimetic active.
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Figure 9: (A) The SOD mimetic activity of CNPs prepared using different precursors, which
indicates that CNPs-N and CNPs-Cl has the highest SOD mimetic activity followed by that of
CNPs-Ac. The CNPs-S and CNPs-AmN do not depict high SOD mimetic activity which is
attributed to their dispersion stability. (B) The % of antioxidant capacity of CNPs also
correlates with the above data

The CNPs-S and CNPs-AmN do not depict high SOD mimetic activity which is attributed to
their dispersion stability studied using DLS. The measurements of SOD mimetic activity uses
UV-Visible spectroscopy measurements. The increased scattering phenomenon of the
precipitated CNPs-S and CNPs-AmN samples and unstable dispersion stability gives rise to
erratic results. CNPs-N has the highest Ce3+ concentration on its surface and it clearly correlated
to the highest SOD mimetic activity. The equivalent SOD mimetic activity of CNPs-Cl
compared to CNPs-N exhibits high SOD mimetic activity. It is rather unusual to note that CNPsCl with low Ce3+ compared to Ce4+ exhibits high SOD mimetic activity. It can be inferred that
the presence of Cl- ion is altering the catalytic antioxidant property of CNPs-Cl even though it
has less concentration of Ce3+ on the surface. In-situ UV-Visible spectro-electrochemical
analysis was performed to further understand the role of Cl- vs NO3- on the surface chemistry
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of CNPs. Figure 9B represents the % of antioxidant capacity of CNPs calculated at 30min of
the assay time. The results of %antioxidant capacities of CNPs clearly correlate to that of the
SOD mimetic activity represented in Figure 9A.
Additionally, the rates of reaction of CNPs derived from different precursor in depicting SOD
mimetic activity have been analyzed using the SOD mimetic kinetic curves as depicted in Figure
10. The SOD mimetic assay was were carried out on different concentration of hypoxanthine
(substrate to the enzyme CNPs); 0.1mM, 0.5mM, 1mM and 5mM. It can be observed that the
rate of scavenging of superoxide radical by CNPs increases with increase in concentration of
hypoxanthine. It can be clearly observed that the rate of reactions of SOD mimetic activity of
CNPs-Cl, CNPs-N is highest followed by CNPs-Ac. The rate of scavenging of CNPs-S and
CNPs-AmN, are the lowest which correlates to the dispersion stability. The rate have been
calculated by assuming that at a particular given time, the amount of superoxide radicals
consumed by the CNPs is proportional to the difference of superoxide radicals consumed by
WST-1 reagent competes with CNPs and when WST-1 competes with water (control). The
change in rate with increase in concentration provides an in depth understanding of CNPs in
terms of enzymatic kinetics. This can be correlated to Michaelis–Menten saturation curves for
an enzyme reaction showing the relation between the substrate concentration and reaction rate.

2.3.4 Quantification of Enzymatic Mimetic Activity of CNPs Prepared using Different
Precursor
Michaelis–Menten kinetics is one of the best-known models to quantify enzymatic kinetics in
biochemistry. The model correlates the rate of the enzymatic reaction(𝑣𝑣 ), with the

concentration of a substrate[𝑆𝑆 ]given by the formula below:
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𝑣𝑣 =

𝑑𝑑[𝑃𝑃]
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 + [𝑆𝑆]
=
𝑑𝑑𝑑𝑑
𝐾𝐾𝑀𝑀 + [𝑆𝑆]

Here, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 corresponds to the maximum rate attained by the enzymatic reaction, at the

maximum saturating substrate concentrations. The Michaelis constant given by 𝐾𝐾𝑀𝑀 which is the

substrate concentration at which the reaction rate is half of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 . Using nonlinear regression

of the Michaelis–Menten equation and using the plot of reaction rate against concentration, the

values of 𝐾𝐾𝑀𝑀 and𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 . The rate of reaction increases with increase in the concentration of substrate,
approaching the 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 when all of the radical is consumed by CNPs. Higher value of

𝐾𝐾𝑀𝑀 indicates

higher affinity, which means that the value of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is quickly being approached. .
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Figure 10: Michaelis–Menten kinetics of CNPs prepared using different precursor to form
CNPs-Ac, CNPs-AmN, CNPs-Cl, CNPs-N and CNPs-S. Table 2 presents the Michaelis–
Menten constants derived from the fitted curves. The rates of reaction of CNPs derived from
different precursor in depicting SOD mimetic activity have been analyzed using the SOD
mimetic kinetic curves. The SOD mimetic reactions were carried out of different
concentration of CNPs such as 0.1mM, 0.5mM, 1mM and 5mM. It can be clearly observed
that the rate of reactions of SOD mimetic activity of CNPs-Cl, CNPs-N followed by CNPs-Ac,
are higher than that of CNPs-S and CNPs-AmN which correlates to the dispersion stability
and surface chemistry.

The Michaelis–Menten kinetics are depicted in Figure 10 where it can be clearly observed that
the rates of CNPs-N, CNPs-Cl followed by that of CNPs-Ac are higher compared to that of
CNPs-S and CNPs-AmN. This indicates and well correlates to that of the previous
physiochemical characterization of hydrodynamic size, zeta potential, UV-Visible spectra
results, XPS analysis and SOD mimetic activity study. The Micheal Mentens constants 𝐾𝐾𝑀𝑀 and
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𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 are reported in Table 2.
Table 2: Micheal Mentens constants Vmax and Km have been calculated form the Michaelis –
Menten fitted curves.
SAMPLE
Vmax
(M/sec^-1)

Ac

AmN

Cl

N

S

1.093E-09

5.11E-10

1.512E-09

1.5302E-09

1.72E-10

Km (mM)

0.188

0.25

0.161

0.159

0.46

2.3.5 Effect of Cl and NO3 on the enzymatic catalytic properties of CNPs

The effect of Cl - and NO3- on the catalytic activity of CNPs has been studies by using SOD
assay kit and UV-Visible spectro-electrochemistry analysis. The reason behind the unusual
higher SOD mimetic activity of CNPs-Cl with low concentration of Ce3+ can be extensively
explored through this investigation. The concentration of the counter ions Cl - and NO3- have
been varied by adding NaCl and NaNO3 salts at different concentration to see the effect of the
individual ions on the respective CNPs-Cl and CNPs-N. The SOD assay of the ceria salts and
the added NaCl, NaNO3 salts along with CNPs-N, CNPs-Cl have been analyzed. This is to make
sure that the added NaCl and NaNO3 salts are not SOD mimetic active by themselves compared
to CNPs-Cl and CNPs-N. Figure 11A shows the expected results depicting that, CeNO3, has
SOD mimetic activity due to the presence of Ce3+ ions in the system, NaNO3 does not exhibit
SOD mimetic activity as NO3- and Na+ ions by themselves are not SOD active and CNPs-N is
SOD mimetic active as mentioned previously. In Figure 11B, we can observe that CeCl3,
exhibits SOD mimetic activity due to the presence of Ce3+ ions in the system, NaCl does not
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exhibit SOD mimetic activity as Cl- and Na+ ions by themselves are not SOD active and CNPsCl is SOD mimetic active as previously mentioned.

Figure 11: The SOD assay of (A) CeNO3, which exhibits SOD mimetic activity due to the
presence of Ce3+ ions in the system, NaNO3 which does not exhibit SOD mimetic activity as
NO3- and Na+ ions by themselves are not SOD active and CNPs-N is SOD mimetic active as
we know from previous results (B) CeCl3, which exhibits SOD mimetic activity due to the
presence of Ce3+ ions in the system, NaCl which does not exhibit SOD mimetic activity as Cland Na+ ions by themselves are not SOD active and CNPs-Cl is SOD mimetic active as we
know from previous results

Furthermore, the SOD mimetic activity was tested with different concentrations of NO3- and
Cl- ions. This can give an in-depth understanding into whether the anions have an effect on the
SOD antioxidant properties of CNPs even though they do not possess any SOD mimetic activity
of their own. The SOD mimetic assay was performed on CNPs-N and CNPs-Cl samples with
different concentrations of NO3- and Cl- ions respectively. Figure 12A shows that the SOD
mimetic activity of different CNP-N samples with varied concentrations of 0.03mM, 0.3mM,
3mM and 30mM of NO3- did not have much effect on the SOD mimetic activity. Whereas in
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Figure 12B, the increasing addition of Cl- clearly effected the SOD mimetic activity of CNPCl. It can be inferred that the presence of Cl- is effecting the SOD mimetic activity of CNPs.
The effect of Cl- is comparatively more than that of NO3- on the SOD mimetic activity of
CNPs-N as depicted in Figure 13.

Figure 12: A) SOD mimetic activity of CNPs-N with various concentration of NO3- ion by the
addition of NaNO3 at different concentrations of 0.03mM, 0.3mM, 3mM and 30mM. (B) SOD
mimetic activity of CNPs-Cl with various concentration of Cl- ion by the addition of NaCl at
different concentrations of 0.03mM, 0.3mM, 3mM and 30mM.

To further understand how the Cl- and NO3- ion is effecting the SOD mimetic activity of CNPs,
UV-Visible spectro-electrochemistry have been performed to gauge if the oxidation potentials
of CNPs are effected in the presence of the ions. Open circuit potentials (OCP) values were
recorded of CNPs-N with increasing concentration of NO-3 ions and CNPs-Cl with increasing
concentrations of Cl- ions. The ions concentrations were varied form 0, 0.3mM, 3mM and
30mM. Figure 14 indicates that the OCP of CNPs-N increases with increase in concentration of
NO-3 ions whereas the OCP of CNPs-Cl decreases with increase in concentration of Cl-. The
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oxidation potential is the ability of the entity to oxidize other species. In case of CNPs is the
oxidation potential is more, it gets harder to oxidize itself, thereby the ability to convert Ce4+ to
Ce3+ decreases. This indicates that with the increase in Cl- ions the oxidation potential of CNPs
(Ce3+ converting to Ce4+) decreases, indicating the increase in ability to convert Ce4+ to Ce3+ on
the surface of CNPs-Cl.. On the other hand, with the increase in NO-3 ions the activity and
oxidation potential of CNPs-N decreases, depicting that the decrease in ability to convert Ce4+
to Ce3+. This shows a drastic effect of two different ions on the oxidation potentials of CNPs.
Furthermore, UV-Visible spectroscopy have been recorded at application of different voltages
of 0V, 0.1V, 0.5V, 0.7V, 0.8V to the CNPs-N samples as shown in Figure 15A d depicting an
increase in change of intensity of Ce3+ peak with increase in voltage. On the other hand in case
of CNPs-N with the addition of 30mM NO-3 ions (Figure 15B) exhibits a decrease in the ability
of the increase in the intensity of Ce3+ peak, which is not as strongly when there were no added
NO-3 ions in the system (Figure 15A)
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Figure 13: Graph depicting the SOD %antioxidant property of CNPs-N with increasing
concentration of NO3- ion concentration and of CNPs-Cl with increasing concertation of Clion concentration. There is a clear change in SOD mimetic activity of CNP-Cl with increasing
concentration of Cl- ion compared to that of NO3- ion

This indicates that there is an oxidation of Ce3+ with the increase in voltage of the CNPs-N peak
and this intensity of increase is altered by the change in concentration of added NO-3 ions. In
case of CNPs-Cl, the UV-Visible graph of Ce3+ peak of CNPs- Cl after applying varying
voltages of 0V, 0.1V, 0.5V, 0.8V,1V, 1.2V, 1.5V depicted in Figure 16A, indicating no change
in the intensity of Ce3+ peak with increase in voltage. This indicates that there was no oxidation
of Ce3+ with the increase in voltage in CNPs-Cl, whereas there was a clear increase in intensity
of Ce3+ of CNPs-N. This reestablishes the fact there is a clear change in the way surface
chemistry changes with the application of voltage in presence of two different ions in CNPs.
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Figure 14: The UV-Visible spectro-electrochemical results are presented; Open circuit
potentials (OCP) values are presented of CNPs-Cl with changing concentrations of Cl- (0,
0.3mM, 3mM and 30mM) and of CNPs-N with changing concentrations of NO-3 ions. It can
be clearly observed that the OCP of CNPs-N decreases with increase in concentration of NO3 ions whereas the OCP of CNPs-Cl increases with increase in concentration of Cl-.

In Figure 16B, the UV-Visible graph of Ce3+ peak of CNPs- Cl with the addition of 30mM Clions after applying varying voltages changes intensity has been presented. This indicates that
there is an oxidation of Ce3+ with the increase in voltage of the CNPs-Cl in presence of
additional Cl- ions.
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Figure 15: (A) UV-Visible graph of Ce3+ peak of CNPs- N after applying varying voltages of
0V, 0.1V, 0.5V, 0.7V, 0.8V, depicting increase in the intensity of Ce3+ peak with increase in
voltage. This indicates that there was an oxidation of Ce3+ with the increase in voltage of the
CNPs-N peak. (B) UV-Visible graph of Ce3+ peak of CNPs- N with the addition of 30mM NO3 ions after applying varying voltages of 0V, 0.1V, 0.5V, 0.7V, 0.8V, depicting an increase in
the intensity of Ce3+ peak. This indicates that there is an oxidation of Ce3+ with the increase in
voltage of the CNPs-N peak.

This additionally indicates that with the increase in concentration of Cl- ions, the change in
surface chemistry of CNPs-Cl is highly affected when voltage is applied to the CNPs-Cl
solutions.
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Figure 16: (A) UV-Visible graph of Ce3+ peak of CNPs- Cl after applying varying voltages of
0V, 0.1V, 0.5V, 0.8V,1V, 1.2V, 1.5V depicting no change in the intensity of Ce3+ peak with
increase in voltage. This indicates that there was no oxidation of Ce3+ with the increase in
voltage in CNPs-Cl. (B) UV-Visible graph of Ce3+ peak of CNPs- Cl with the addition of
30mM Cl- ions after applying varying voltages of 0V, 0.1V, 0.5V, 0.8V,1V, 1.2V, 1.5V
depicting an increase in the intensity. This indicates that there is an oxidation of Ce3+ with
the increase in voltage of the CNPs-Cl in presence of additional Cl- ions.

Thereby, it can be clearly observed that Cl- ions indeed effects the oxidation of Ce3+ to Ce4+ in
CNPs-Cl compared to that of NO-3 ions on CNPs-N This effects the fact that even though CNPsCl has more Ce4+, it has more SOD mimetic activity due to altered potentials of Ce3+ to Ce4+
transition in presence of Cl- ions.

2.5 Summary

In this study we have explored the possibility of establishing a significant change in surface
chemistry of CNPs by changing the anion on the precursor cerium salt, despite using the same
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method of preparation. The extensive physiochemical investigation of all CNPs indicated that
CNPs-S and CNPs-AmN have lower zeta potentials and higher hydrodynamic size which
indicated that the ammonium nitrate and sulfate ion alter the dispersion stability of CNPs
solution. Dispersion stability dispersion increases in the order of CNPs-S< CNPs-AmN< CNPsAc < CNPs-Cl ≈ CNPs-N. Additionally, the surface chemistry studied using UV-Visible
spectroscopy and XPS was significantly affected by the presence of different anion in the CNPs
solution. It was observed that%Ce3+ on the surface of CNPs is higher in case of CNPs-N
followed by CNPs-AmN. The SOD mimetic activity and the rate of scavenging the superoxide
ion of CNPs-N and CNPs-Cl has the highest SOD mimetic activity followed by that of CNPsAc. The CNPs-S and CNPs-AmN do not depict high SOD mimetic activity which is attributed
to their dispersion stability. One of the most interesting results of the study is the unusual higher
SOD mimetic activity of CNPs-Cl despite low concentration of %Ce3+ on the surface. The effect
of Cl- and NO-3 ions of CNPs have been further augmented using SOD mimetic analysis and
UV-Visible spectro-electrochemistry of CNPs- Cl and CNPS-N with varying concentrations of
respective anions. It has been inferred that the presence of Cl- alters the SOD mimetic activity,
indirectly altering the surface chemistry. The OCP characterization revealed that the increase in
concertation of Cl- ions increases the oxidation potential of CNPs, thereby increasing its activity
whereas increasing the concentration of NO-3 ions in the CNPs-N solution decreases the activity
and oxidation potential of CNPs-N. Additionally, the UV-Visible spectro-electrochemistry
shows that the increase in concentration of Cl- significantly alters the change in surface
chemistry at different potentials compared to that of NO-3 ions. This indicates a major
breakthrough in recognizing the role of ions on the surface chemistry, oxidation potential and
antioxidant properties of CNPs. This study demonstrates the fact that even though the same
synthesis method and oxidizers are used, just the change in the anion of the precursor salt can
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extensively change the physiochemical properties of nanoparticles.
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CHAPTER THREE: CNPS IMMOBILIZED ON HIGHLY ORDERED
POLYMER NANOPILLARS AS DOPAMINE SENSOR

Dopamine, being a vital neurotransmitter, plays an important role in the proper function of
central nervous system, human metabolism and cardiovascular system. Several neurological
disorders such as schizophrenia, Parkinson’s disease, and Huntington’s disease are instigated
due to deficiency of dopamine. The detection of lower levels of dopamine in non-invasive
biological samples is very important. In this study, we propose the use of cerium oxide
immobilized on polymer nanopillars as a dopamine sensor with high sensitivity and selectivity
for diagnostic applications. Cerium oxide nano-constructs (nanoceria) have proven to act as
potential antioxidants attributed to switching of oxidation state from Ce+3 to Ce+4, mediated
at the oxygen vacancies. Cerium oxide has a unique chemical interaction with dopamine,
creating a signature signal in optical characterization. It has been previously studied that, a
strong attachment exist between dopamine and nanoceria leading to formation of a charge
transfer complex. Additionally, nanoceria is coated on high aspect ratio polymer nanopillars,
fabricated using soft lithography to increase the surface area of interaction with dopamine. The
sensor is developed by recording the corresponding changes in surface chemistry and redox
potential of nanoceria upon interaction with dopamine using optical techniques. Nanoceria
developed with different surface chemistry was used to improve the detection limit of
dopamine.
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3.1 Introduction

3.1.1 Introduction to Dopamine Detection
Dopamine (Dop) is an organic chemical and an important neurotransmitter that plays a
significant role in the functioning of brain and body. It is biosynthesized from 4dihydroxyphenylalanine (L-DOPA) in the body [90]. It plays a significant role in the function
of central nervous system, human metabolism, hormonal balance and cardiovascular system. It
additionally plays a significant role in the function of central nervous system, human
metabolism, hormonal balance and cardiovascular system. The electroactive neurotransmitter
is released by neurons to modulate or activate the activity of neighboring nerve cells [91-93].
Dopamine functionalities related to central nervous system which include normal motor
functions, cognition and frontal cortex function and moreover responsible for emotions such as
pleasure, euphoria, motivation, addiction, reward/salience, compulsion and preservation [94].
It also plays a role in pathophysiology related to psychosis and schizophrenia. Dopamine is
additionally supplied as a therapeutic to the sympathetic nervous system to increase blood
pressure and heart rate. The imbalance of Dopamine leads to several neurological diseases and
other disorders such as Parkinson’s disease (PD), Huntington’s disease, depression or
schizophrenia. Other mild effects of dopamine imbalance include pain, nausea and attention
deficit hyperactivity disorder. The deficiency of dopamine in basal ganglia is related to
Parkinson’s disease and L-DOPA has been used to improve the symptoms of Parkinson’s
disease in such cases [95-97]. Presently, the therapeutic uses of dopamine mostly focuses on
neuroprotection or restoring dopamine neurons. Additionally dopamine plays an essential role
in the early detection of cancers such as neuroblastoma, paraganglioma and pheochromocytom
[98-100]. The monitoring of dopamine fluctuation in these models remains challenging, since
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sizeable volumes are required and current detection limits do not afford accurate detection of
basal levels of extracellular dopamine. Dopamine is an analytic target to track the neurological
disorders and in other studies such as drug addiction. Therefore the detection of physiological
and clinically significant concentrations of dopamine with high sensitivity and selectivity is of
great significance [101, 102].

3.1.2 Current Techniques to Detect Dopamine and Limitations
Throughout the literature, there are many techniques reported for detection of dopamine.
Currently most of the techniques are invasive in nature which include placing carbon fiber
electrodes of micrometer size directly near in vitro or in vivo the cells to be studies [92] or by
inserting a microdialysis, sampling probe at the area of concern. The stream is investigated
offline using a range of analytical methods such as high-performance liquid chromatography
(HPLC), fluorometry, electrochemical detections etc. (detection limit 1nM) [94, 101]. It has
been established that fluorometry has challenges related to low selectivity and sampleconsuming, whereas mass spectrometry combined with chromatography involves increased
analysis times, sample pretreatment, and high costs. Monitoring fluctuations of dopamine in
these models have limitations due to the requirement of sizeable volumes and low and
inaccurate limit of detection of dopamine levels in in extracellular matrix. Presently, the
dopamine diagnostic tests, are done using enzyme-linked immunosorbent assay (ELISA) [103]
or and HPLC [104], which require rigorous sample preparation to achieve the desired sensitivity
(20 pM limit of detection) and specificity. Moreover, these techniques involve full laboratory
and bulky equipment handling. The limitations of these techniques are sample-consuming, lack
of selectivity, sample pretreatment, lengthy analysis times, and high costs [96].
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There are a lot of research reported in literature on electrochemical detection of dopamine which
uses modified electrodes like Au-nanoparticles (NPs), Ag NPs, graphene oxide, MWCNT
(multi wall carbon nanotubes), SWCNT, exfoliated graphene oxide electrode, silicon
nanoparticles, iron oxide NP’s, conductive polymers, co-block polymer composites, glassy
carbon etc. [101, 105-113]. There are few studies that report the use of cerium oxide
nanoparticles for detection of dopamine using electrochemical techniques. The studies report
the use nafion or carbon fiber modified electrodes with CNPs or palladium doped CNPs for
electrochemical detection and their limit of detection are 90nM, 10nM and 10µM respectively
[114-116] . Electrochemical techniques have advantages such as rapid detection and decreased
cost for the detection of dopamine. Though electrochemical detection have been widely
employed for the detection, there are limitations relating to its intrinsic methods. Some of the
disadvantages are electropolymerization where the electrode undergoes biofouling and
degrades the electric response of the electrode. Another important concern relating to selectivity
is in conjunction to oxidizable metabolites of dopamine and other compounds like ascorbic acid
(AA) which extensively interfere with the detection of dopamine as they have closer oxidizing
potentials close to dopamine. Another major disadvantage to note is that the electrochemical
detection limits are not close to the low physiological levels of dopamine that requires high
sensitivity and selectivity[102]. The lowest limit recorded is 5pM in one of the reported
literature study using single wall carbon nanotubes as the active electrode material. Despite
many publications reported in electrochemical detection of dopamine, long-standing challenges
remain that are associated not only with sensitivity and specificity but also the reliability in the
device reproduction restricts translation of these technologies to the market [117, 118].
Optical detection of dopamine reported in literature are mostly using surface plasmonic
resonance signals using active materials like gold NPs and silver NPs and their nano45

architectures on substrates [119-122]. In another example of optical detection of dopamine, the
detection was done using the electrogenerated chemiluminescence of Au nanoclusters stabilized
in bovine serum albumin up to 2.5µM [123]. The detection limits using optical sensors for
dopamine did not cross the 2.5 µM range. However in another study, dopamine was detected
using 1D hybrid nanostructure of zinc–salophen (ZnSa) complex nanowire (NW)–Ag
nanoparticle (NP) using fluorescence detection technique and the limit of detection reached up
to 3nM [124]
The dopamine dialysate levels in in vivo vary depending on many factors such as perfusion rate,
anesthesia, membrane size, local are of the brain, which are reported approximately to be 5mM40nM. The basal extracellular matrix concentration of dopamine is ~ 6nM -20nM, not taking in
effect of the local tissue damage, proving that the values are not exact [125, 126]. The detection
limit using HPLC through dialysis using electrodes operating amperometrically is ~ 1nM. The
current sensing platforms do not meet the physiologically relevant concentration detection of
dopamine which are around < 10 pM and <13 pM in blood and in urine respectively, in case of
neurodegenerative disorders [98, 99, 127, 128]. Thereby we need a dopamine sensor that is
clinically relevant, noninvasive with high sensitivity, selectivity, robustness and low cost. In
this study we are planning to use optical detection techniques using UV-visible spectroscopy as
optical transducer and employing ceria nanoparticles (CNPs) as detection element.

3.1.3 Introduction to CNPs as Transducer to detect Dopamine
Recent developments in biomedicine have proved CNPs to be a potential antioxidant material
due to its intrinsic regenerative catalytic nature. CNPs have been extensively studied in
applications of nano-biology in regenerative medicine as they are found to be effective against
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pathologies associated with chronic oxidative stress (cancer, Alzheimer’s, etc.) in both in vitro
and in vivo biological models (ref). CNPs at nano level (3-5 nm diameter) have unique
regenerative properties and the coexistence of both Ce3+ and Ce4+ on their surfaces forming
defects in the crystal lattice plays an important role in tuning the redox activity of CNP. This
unique property is attributed to the switching of oxidation states from Ce4+ to Ce3+ and vice
versa mediated at the oxygen vacancies generated due to the coexisting of both of the oxidation
states [34, 46, 78]. These oxygen vacancies acts like catalytic hotspots for any chemical entity
to undergo a unique redox reaction with CNPs. The potential of this redox reaction makes every
interaction unique. It is an interesting study to observe these redox reactions of CNPs with other
electroactive entities in the biological systems. The chemical neurotransmitters are among
these, which include biomolecules such as serotonin, epinephrine, dopamine and
norepinephrine. In one of the previous studies, the unique interaction between dopamine and
CNPs have been explored in detail. The attachment of dopamine to CNPs surface leads to
formation of charge transfer complexes [129]. In this study, we propose the use of cerium oxide
nanoparticles (CNP) immobilized on high aspect ratio poly methyl methacrylate (PMMA)
polymer nanopillars to develop an optical dopamine biosensor. The redox active and
regenerative nature of CNPs is utilized to develop a sensor as it has a unique chemistry towards
dopamine.

3.2 Materials and Methods

3.2.1 Synthesis of different CNPs
In this study, CNPs were prepared using wet chemical synthesis as described previously [87]. The
different formulations of CNPs were prepared. All of the CNPs were synthesized using the same
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method in which, the cerium salt solutions were prepared by stirring the salt solutions for one
hour to achieve a final concentration of 5mM of CNPs. CNP1 was prepared by adding H2O2
solution to initiate oxidation of the cerium salts followed by thorough stirring to form crystalline
CNPs. whereas the CNP2 was oxidized using NH4OH solution.

3.2.2 Catalytic mimetic activity
A one step amplex Red hydrogen peroxide assay kit is used to measure the catalase activity of
CNPs. A reagent called amplex red reagent (10-acetyl-3, 7-dihydroxyphenoxazine) is used to
sense hydrogen peroxide (H2O2) with the help of horseradish peroxidase (HRP) from biological
samples which also includes cells. Pure water is used as a control against the Dex-CNP solution.
The concentration of CNPs used to run the assay is 1mM. The concentration of this product can
be measured by UV−visible spectroscopy which has an absorption maxima at 571 nm. Water is
used as a negative control for the experiments. Hydrogen peroxide is incubated with the samples
for time durations of 0 min, 10 min, 20 min and 30 min. The concentration of this product can
be measured by UV−visible spectroscopy which has an absorption maxima at 571 nm. Water is
used as a negative control for the experiments. The kinetics of the reaction was observed for 30
min and the corresponding readings were collected.

3.2.3 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy is used to measure the ratio of Cerium in +3 state to Cerium in
+4 state. Physical Electronics (PHI5400 ESCA) spectrometer operating at a base pressure of
5×10-8 torr, operating at 300 W was used to conduct XPS analysis of CNPs by using a
monochromatic Al Kα X-ray source. The change in surface oxidation states were minimized by
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keeping the acquisition times low under X-ray irradiation.

3.2.4 Scanning Electron Microscopy
Scanning electron microscope (SEM), Zeiss Ultra-55 was used to take all the images. The
dimensions of the nanopillars were characterized using SEM before and after the coating of
CNPs. the incident ray intensity was maintained around 5kV and the working distance was
maintained under 7mm to get high resolution images. The images were taken at low voltages to
avoid any damage to the polymer nanopillars substrates, which could burn at high intensity
incident rays.

3.2.5 UV-Visible spectroscopy reflectance
Ultra Violet- Visible Spectroscopy was used to detect the presence of the oxidation states of
CNP1 and CNP2 solution. The peak corresponding to the Ce+4 and Ce3+ state of cerium
obtained in the spectra. The signature peak of Ce4+ is around 290nm and that of Ce3+ is around
253nm. UV-vis spectra was additionally used to characterize dopamine and the oxidized form
of dopamine to track its extent of oxidation.
The sensor was adopted to operate using the %reflectance spectroscopy of the solid samples of
CNPs immobilized on polymer nanopillars. The reflectance spectroscopy of the samples were
always taken against a control of just PMMA-NP samples without any coating of CNPs. The
samples were placed in the reference and sample positions to get a normalized effect. Two
PMMA-NP samples were used to autozero before any detection measurements have been
made, to eliminate the effects of the system errors. It has been make sure that for every sample
in the reference or the sample during detection, equal area of the CNPs-PMMA-NP substrates
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are exposed to the UV-Visible light. This has been ensured by cutting 1X 1cm2 square area
from a black paper to make sure equal areas have been exposed to the light and the sample
spectra can be effectively subtracted from the reference sample.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of CNPs
It has been well established that CNPs have redox active in nature and can have Ce3+ and Ce4+
coexisting on the surface. Thereby the concentration of Ce3+ and Ce4+ on the surface of CNPs
regulate the enhanced catalytic property that makes them an efficient antioxidant. The ratio of
Ce3+/Ce4+ on the surface of CNPs which is the signature factor of CNPs, controls the extent of
reaction with different biological entities. It is to be duly noted that the CNPs prepared using
different precursor, oxidizing/reducing agents and at different temperature, ionic concentration,
pressure will exhibit varied surface chemistry. To develop an efficient sensor material for
detecting dopamine using CNPs, different CNPs with different surface chemistry have been
chosen to study its sensitivity towards dopamine. In this study we have prepared two different
formulations of CNPs; CNP1 and CNP2. CNP1 was synthesized using thermos-hydrolysis
method in which cerium nitrate salt precursor is mixed with NH4OH to form CNP1. CNP2 was
synthesized using wet chemical synthesis in which the cerium nitrate precursor is mixed with
H2O2 to oxidize the particles. It has been previously noted that the CNPs prepared using H2O2
have more Ce3+ compared to CNPs prepared using NH4OH. The TEM image of the particles
are shown in Figure 17. It can be clearly observed that the shape and size of the CNPs are very
similar for both CNP1 and CNP2.
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Figure 17: TEM images of CNP1 and CNP2 depicting similar shape and size of the CNPs.
The size of the nanoparticles are from 3-5 nm and are spherical in shape

The particles CNP1 and CNP2 have been carefully formulated to have similar spherical shape
and size of 3-5nm that differ only in their surface chemistry. CNP1 has more Ce4+ on its surface
with Ce4+/Ce3+: 2.57 and CNP2 has more Ce3+ concentration on its surface with Ce4+/Ce3+: 0.68
as presented in Table 3
Table 3: The table presents the morphology, size and surface chemistry of two different CNPs:
CNP1 and CNP2. Both the particles have same shape and size and differ in their surface
chemistry with one having higher Ce4+ than other
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Figure 18: The graph depicts the XPS spectrum of Ce (3d) in CNP1 and CNP2. The peak
position corresponding to Ce4+ and Ce3+ are marked accordingly and the Ce4+/Ce3+: 2.57 in
CNP1 with more Ce4+ compared to 0.68 in CNP2 with more Ce3+ on the surface

The surface concentration of Ce3+ and Ce4+ have been calculated using X-ray photoelectron
spectroscopy (XPS). The XPS spectra of CNP1 and CNP2 are presented in Figure 18. The
bioactivity of CNPs: CNP1 and CNP2 were characterized to make sure they possess the
enhanced catalytic activity at nano-size level using Amplex red assay characterized using UVvisible spectroscopy. It has been previously explored that the CNPS with more Ce4+ on the
surface exhibit enhanced catalase mimetic behavior compared to CNPs with more Ce3+ on the
surface, which exhibit more SOD mimetic activity. Catalase mimetic activity of CNP1 and
CNP2 have been investigated. It has been observed as expected that the CNP1 has more catalase
mimetic activity than CNP2, whose curve is closer to the control as shown in Figure 19. The
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control in this case is water which obviously does not possess any catalase mimetic activity.

Figure 19: CNP1 exhibits catalase enzyme mimetic activity than CNP2, as it has more Ce4+
on the surface of CNPs compared to CNP2 (farther from the control corresponds to more
catalase activity)

3.3.2 Interaction of CNPs with Dopamine
Previous studies show that CNPs interact with dopamine and form charge complexes due to its
redox nature, thereby oxidizing dopamine. It has been shown that the phenoxyl highly reactive
radicals, enediol group of dopamine and the intermediate compound semiquinone formed as a
result of dopamine oxidation in the presence of CNPs bind to the surface of CNPs [129]. This
results in a dopaquinone-CNPs hybrid complexes with the intermediate semiquinone as shown
in Figure 20. They have observed a red shift as a result of the interaction of CNPs with dopamine
in UV-visible spectroscopy of low concentration of dopamine mixed with CNPs which forms a
stable solution.
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Figure 20: Previous literature suggest that the enediol group of dopamine, highly reactive
phenoxyl radical and semiquinone intermediates of dopamine oxidation bind to the surface of
CNP, resulting in hybrid dopaquinone–ceria complexes with semiquinone ligands [129]. This
suggest the formation of a strong charge transfer complexes when dopamine is oxidized in the
presence of CNPs

In this study we have studied the CNPs interaction with dopamine using CNP1 and CNP2 to
select the right CNPs that have the maximum change in surface chemistry on its interaction with
dopamine. The CNPs suspension was mixed with dopamine and there was a clear significant
change in color in case of CNP1 mixed with dopamine (which turned dark brownish pink)
compared to hardly any change observed in case of CNP2 as shown in Figure 21. To start with,
CNP1 and dopamine are colorless, and CNP2 is a pale yellow color solution. Another
observation that has been made is dopamine oxidized in the presence of air within 48-72 hours.
The color of the solution is light brownish pink (not shown). This suggest a rapid formation of
charge transfer complex in case of CNP1 mixed with dopamine is more prominent than
compared to CNP1, thereby indicating the preference of dopamine oxidation in presence of
CNPs with more Ce4+ on the surface of CNP. As previously suggested the oxidation of
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dopamine by CNPs leads to formation of reactive dopaquinone intermediates which bind to the
surface of CNPs. This highly suggest that the oxidation followed by the binding on surface of
CNPs leads to a decline of free dopamine concertation.

Figure 21: The images of the solutions of CNPs: CNP1 and CNP2 and its interaction with
dopamine have been taken to understand the formation of charge transfer complex between
the two. The CNP1 and dopamine are initially colorless to start with and give off a strong
brownish pink color when mixed indicating a strong conjugation. The CNP2 is pale yellow in
color to start with and hardly shows any color change when mixed with dopamine.

Furthermore we have performed a UV-Visible spectroscopy on these solutions to track the
characteristics of the oxidized dopamine. The dopamine solution has a characteristic peak at
281 nm as depicted in Figure 22. Dopamine was then oxidized by exposing it to air for 48 hours
and the UV-Visible spectra of the oxidized dopamine indicated a peak at 390nm which is its
characteristic peak (Figure 23A). It is to be noted that the peak at 281 in oxidized dopamine is
the peak arising from the free dopamine which was not entirely oxidized.
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Figure 22: The UV-visible spectra of Dopamine and oxidized form of dopamine have been
presented. Dopamine has a signature peak at 281nm and oxidized dopamine has a peak at
390nm. It is to be noted that the peak of dopamine at 281 nm in oxidized dopamine is due to
the free un-oxidized dopamine

It has been previously discussed that CNP1 has more Ce4+ on its surface thereby the UV-Visible
spectra has a signature peak of Ce4+ at 290 nm in case of CNP1. In case of CNP2, the UV-Vis
spectra shows a Ce3+ signature peak at 253 nm and a weak peak of Ce4+ at 290nm shown in
Figure 23B. When CNP1 is mixed with dopamine, the spectra suggest an additional peak of
oxidized dopamine at 405nm apart from the signature peaks of Ce4+ at 290nm and dopamine at
281nm. This suggest that CNP1 definitely oxidizes dopamine. Similarly in case of CNP2, the
mixed solution of CNP2 and dopamine exhibits an extra peak at 390 nm of the oxidized
dopamine.
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Figure 23: (A) The UV-visible spectroscopy of CNP1 with a signature peak of Ce4+ at 290nm
and of CNP1 mixed with dopamine, which indicates a peak at 405nm corresponding to the
oxidized dopamine. (B) UV-Visible spectra of CNP2 with a signature peak of Ce3+ at 253nm
and of CNP2 mixed with dopamine, which exhibits a peak at 390nm of the oxidized dopamine.

It is to be duly noted that there is a clear shift in the wavelength of Dop oxidation state (from
390nm to 405 nm) in case of CNP1 compared to slight shift (390 nm to 398 nm: not shown) in
case of CNP2. It is clear that the interaction of CNPs with dopamine increases the concentration
of oxidized dopamine and decreases the concentration of free dopamine in the solution.
Therefore the principle of the CNP based dopamine sensor is to monitor the concentration of
oxidized dopamine arising from its interaction with CNPs at the shifted wavelength. This
additionally indicates that the dopamine oxidizes in the presence of CNP and the Ce4+ on the
surface reduce to Ce3+ forming a redox couple. This can be attributed to the color change in
case of CNP1 which is much stronger compared to CNP2, indicating stronger interaction of
CNP1 with dopamine.
Thereby a sensor is developed using CNPs for dopamine detection operated by recording the
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spectroscopy of the CNPs reaction with dopamine. All the results regarding CNPs dopamine
interaction discussed above were in solution form. The sensor has been developed by
immobilizing the CNPs on highly ordered high surface area poly (methyl methacrylate)
(PMMA) substrates.
3.3.3 Characterization of PMMA Nanopillars
Poly (methyl methacrylate) (PMMA), also known as acrylic is chosen to fabricate the high
aspect ratio nanopillars (NP) using soft lithography process. The nanopillars were supplied by
Feynman Nano Company at University of Central Florida. The process adapted for fabricating
the nanopillars is fast, easy and highly reproducible which is propriety information and cannot
be discussed in detail. PMMA is been selectively used as the substrate in this study due to its
intrinsic advantages. The PMMA substrates are optically transparent making it an ideal
substrate for using in UV-visible spectroscopy, as it has low reflectance and absorbance.
Additionally it’s easy to cast the polymer into the nanopillars molds as it’s a polymer and is
additionally extremely low in cost. PMMA substrates also possess high mechanical
integrity[130, 131]. The image of PMMA-NP (nanopillars on PMMA substrate) samples
provided by Feynman Nano have been depicted in Figure 24. The spectrum of multi-color
reflecting off the surface of PMMA-NP is due to the nano scale levels of features on the
substrate.
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Figure 24: The image shows the PMMA substrate that have the highly ordered nanopillars
features on the substrate. The PMMA substrates are used to immobilize CNPs to develop the
dopamine sensor

The PMMA-NP substrates were characterized using scanning electron microscopy (SEM) and
atomic force microscopy (AFM) to study the feature size of the NP. The height of NP were
measured to be ~ 827 ± 23.7 nm, the diameter to be 251.7 ± 13.7 nm and distance between the
centers of two adjacent NP (pitch) to be 497.8 ± 11.1 nm using AFM. The top view of PMMANP are shown in Figure 25. The nanopillars seems to be highly ordered and expressively
uniform with no discrepancies. The cross section view of the nanopillars are shown in Figure
26 and it can be observed that the aspect ratio of the pillars are rather high which is 3.3:1
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Figure 25: Atomic force microscopy of PMMA-NP showing the top view of the substrates. The
highly ordered nature of the nanopillars is to be noted with significant uniformity. The
diameter of the NP is ~ 251.7 ± 13.7 nm with the pitch of 497.8 ± 11.1 nm.

60

Figure 26: The AFM analysis of the cross section of the PMMA-NP have been presented. The
height of the NP are measured to be ~827 ± 23.7 nm. The aspect ratio of the nanopillars
around 3.3:1 with high uniformity.

The PMMA-NP platform provides very high increase in surface are which can significantly
increase the sensitivity of the sensor. The increased surface area per unit area will ensure the
increased amount of interactions between CNPs and dopamine. This unique PMMA-NP
platform has a theoretical increase in the surface area of a 1X1cm2 sensor to 3.67 ± 0.1 cm2.
This increases in surface area sums up to 267 ± 10.2 %, which is highly significant. The SEM
images of the top view of the PMMA-NP are depicted in Figure 27A with the corresponding
magnified image is shown in Figure 27B. It shows the highly ordered natured of the nanopillars
with uniform periodicity. The cross sectional SEM images of the PMMA-NP are shown in
Figure 28A and its magnified image is shown in Figure 28B. The images highlight the high
aspect ratio of the nanopillars. Due to the difficulty in cutting a cross sectional area of the
PMMA-NP substrates, without dismantling the NP, the cross sectional images are taken at an
angle from the top instead.
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Figure 27: The SEM images of (A) Top view of the PMMA-NP with highly ordered
nanopillars and (B) Magnified image of the top view at 30,000 X.
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Figure 28: The SEM images of (A) Cross sectional view of the PMMA-NP with highly ordered
nanopillars and (B) Magnified image of the cross sectional view at 30,000 X.

3.3.4 Integration and Characterization of CNPs immobilized on PMMA Nanopillars
CNPs were integrated with PMMA-NP by spin coating CNPs on to the PMMA-NP substrates
followed by heat treatment for enhanced adhesion. The dopamine sensor was developed by spin
coating solutions of both CNP1 and CNP2. Each sensor was developed by spin coating 300µl
of CNPs solution for 8 cycles. Each cycle consisted of two steps of different rpm. The step one
of the cycle was to rotate the substrate at lower speed of 200 rpm for the solution to uniformly
spread across the substrate for 15 sec. This step also ensures that the CNPs are given enough
time to settle onto the substrate and penetrate the groves and valleys of the NP nano63

architecture. The step two of the cycle was to rotate the substrate at higher rpm to make sure
the CNPs are distributed uniformly on the substrate and no extra CNPs or clusters remain on
the final substrate. After the coating of CNPs, the samples were baked for one hour in the oven
at 60º C. This shall ensure the increase in adhesion between CNPs and PMMA-NP, so that the
CNPs do not leach out form the substrate during the testing of the sensor. The illustration of the
process of integrating CNPs on the PMMA-NP has been represented in Figure 29, in which the
CNPs are spin coated on PMMA-NP substrates followed by the heat treatment to improve
adhesion.

Figure 29: The illustration represents the process of integration of CNPs on the surface of
PMMA-NP. The process consist of spin coating the CNPs on the top using a 2 step cycle
repeated for 8 times, followed by heat treatment to improve the adhesion beet CNPs and
PMMA.
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Figure 30: The SEM image of the (A) Top view of the highly ordered CNPs PMMA-NP
samples (B) Magnified image of the top view at 30,000 X.

The diameter of the CNPs coated PMMA-NP has observed to increase to 283.92 ± 9.51 nm.
This reveals that the increase in diameter of the NP after the coating of CNPs is ~ 32nm or the
thickness of the coating is ~ 16nm. The SEM images of the top view of CNPs coated PMMANP are presented in the Figure 30A with its magnified mage in Figure 30B.
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Figure 31: The SEM images of (A) Cross sectional view of the CNPs coated PMMA-NP with
highly ordered nanopillars and (B) Magnified image of the cross sectional view at 30,000 X.

The uniformity, periodicity and the structure of the highly ordered nanopillars have not been
compromised with the addition of CNPs and the heat treatment. The SEM images of the cross
sectional view from an angle of the CNPs coated PMMA NP are presented in Figure 31A, with
its magnified image in Figure 31B. In both the top view and the cross sectional SEM images, it
is to be duly noted that the plane surfaces between the nanopillars have clusters of the CNPs
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coating that is evidently observed. Furthermore, in case of the cross sectional images of CNPs
coated PMMA-NPs, the coating of the clusters of CNPs morphology is clearly observed (Figure
31B). This morphology of the clusters are missing in the SEM images of just PMMA-NP in
Figure 28, which indicates a clear coating of the CNPs on the PMMA-NP.
Additionally, plane PMMA substrates have been coated with CNPs using the same spin coating
parameters and heat treatment. The plane CNPs-PMMA substrates have been used as a
dopamine sensor to compare the change in sensitivity due to the introduction of NP on PMMA
substrates compared to the plane once. The SEM images of the top view plane substrates have
been presented in Figure 32 A, with its magnified image in Figure 32B.
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Figure 32: The SEM image of the (A) Top view of the highly ordered CNPs PMMA-NP
samples (B) Magnified image of the top view at 30,000 X.

3.3.5 Sensitivity of CNPs- NP Dopamine Sensor
The sensor is principled to be operated by recording the reflectance spectroscopy of the CNPs
coated PMMA-NP. It is to be noted that, from this point onwards CNPs coated PMMA
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nanopillars will be abbreviated as CNPs-NP. Previously as we discussed in section 3.3.2,
representing the interaction of CNPs with dopamine, the unique interaction of CNP with
dopamine creating the oxidized intermediates of dopamine has a signature peak in the UVVisible spectroscopy. All the measurements discussed in that section were based on solution
forms of CNPs and dopamine.

Figure 33: Reflectance spectroscopy of CNP1-NP, CNP2-NP, CNP1-Dop on NP and CNP2
Dop on NP. The valley at 458nm denotes the interaction between Dop and CNPs used as peak
of detection. There is a clear shift in reflectance when CNP1 and Dop are mixed together and
the same is observed in CNP2-Dop

The sensor we have developed in a solid state coating of CNPs on the PMMA-NP substrate.
We have done the absorbance, reflectance and transmission measurements of CNPs-NP and its
interaction with dopamine. Among all the curves, the reflectance have shown to have retained
a distinctive shift that has been observed when CNPs react with dopamine as shown in Figure
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33. We have shown that the sensor is principled to be operated by recording the reflectance
spectroscopy of the CNP-NP substrate after its reaction with dopamine. The Beer Lambert’s
Law states that the absorbance of a material is directly proportional of the concentration of the
material in the sample[132]. The Beer Lamberts Law given below;

𝐴𝐴 = 𝜀𝜀𝜀𝜀𝜀𝜀

Where A is the absorbance of the material of interest, ε is its molar absorptivity (lit mol-1 cm-1),
C is the concentration of the material in moles/liter and l is the length of the light path through
the sample in cm. It states that the intensity of absorbance of a material depends on its
concentration. The Kirchhoff’s radiation law states that the sum of radiation energy that is
absorbed by the material, reflected by the material and transmitted through the material is equal
to the incident radiation on the substrate[133].

𝐴𝐴 + 𝑇𝑇 + 𝑅𝑅 = 1

Thereby the fraction of absorbance, transmittance and reflectance adds up to 1. Therefore it can
be inferred that the absorbance and reflectance are inversely proportional to each other.
Additionally, the Kubelka–Munk theory, states that;

𝐾𝐾 (1 − 𝑅𝑅)2
=
2𝑅𝑅
𝑆𝑆

Where R is reflectance normalized to 1 and K is absorption and S is scattering coefficient. By
principle, absorbance is inversely proportional to %R (reflectance) according to the stated
theory and Kirchhoff's radiation law[134]. That means that a peak in the absorbance spectra of
a material, correspond to a valley in the reflectance spectra. The % Reflectance plotted for just
dopamine, (Dop), CNPs1, CNP2, CNP1 mixed with dopamine (CNP1-Dop) and CNP2 mixed
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with dopamine (CNP2-Dop) have been studied. It can be clearly observed that upon CNPs
interaction with dopamine, in both the cases the reflectance valley has been shifted to lower
wavelength values (approximately from 474nm to 458 nm). Among both CNP1 and CNP2,
CNP1-Dop exhibited a higher shift of 15 nm upon reaction with dopamine. This indicates that
the higher Ce4+ present on the surface of CNP1 shows higher shift in wavelength in the spectra
indicating stronger interaction. Therefore it is this reflectance valley at 458nm that denotes the
interaction between CNPs and dopamine that is used as a peak for detection of the dopamine.
In further studies it will be shown that with the change in concentration of dopamine, the
intensity of the characteristic valley at 458 nm changes. Thereby, it can be inferred that by
tracking the intensity of the valley we can track the concentration of the dopamine in the system.
The CNPs-NP sensor has been used to detect dopamine and all the solutions of dopamine were
made in deionized (DI) water. Dopamine solutions were prepared fresh every time we test any
samples to avoid any oxidation of dopamine due to aging in air. Dopamine was made to react
with CNPs-NP substrates for an hour by dropping the dopamine solutions onto the substrates.
The substrates were then washed using a water bath by placing the substrates inside the bath for
2 minutes for two times. This way we can ensure that all the extra free dopamine and the
unreacted dopamine will not stay on the surface. Then the samples were air dried to remove all
the excess water, which are now ready to be tested. The samples were tested by always taking
a PMMA-NP sample without any coating of CNP as the reference. All the measurements have
been done after performing the autozero function to eliminate any effects of system errors. The
autozero function has been done by placing PMMA-Np without CNPs coating in both sample
and reference to take out the effects of nanopillars if any. CNP1 and CNP2 particles have been
used to make two different sets to test the sensitivity of two different CNPs against each other
to make an effective sensor material out of CNPs for sensing dopamine with high sensitivity.
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The reflectance spectroscopy of CNP1-NP substrates, which were tested for different
concentrations of dopamine have been presented in Figure 34. The dopamine concentration in
water that were tested ranges from 1µM to 1fM, which includes 1 µM , 100nM, 10nM, 1nM,
100pM, 10pM, 1pM, 100fM, 10fM and 1fM. It can be clearly observed that CNP1 sample can
be used to clearly detect ultra-low concentrations of dopamine up to 1fM. This result
revolutionize the lowering of detection limit of dopamine sensors present in the current
literature. It can be observed that the depth of the reflectance valley corresponding to CNP-Dop
interaction decreases with decrease in concentration. The lowest concentration of dopamine
interaction peak with CNP appears at higher reflectance value, implying lower absorbance value
(A) (absorbance is proportional to concentration (c) from Beer’s lamberts law). Therefore the
reflectance intensity values are high for lower concentration, implying lower absorbance values
due to low concentrations. Similar results of reflectance peaks of lower analyte concentrations
showing higher reflectance values have been previous reported in literature[135].

72

Figure 34: The reflectance spectroscopy of CNP1-NP on interaction with dopamine for its
detection. The valley that corresponds to CNP1-NP Dop distinctly decreases in depth with
decrease in concentration of dopamine. Detection of ultra-low concentration of dopamine up
to 1fM using CNP1-NP has been achieved. The arrow denotes the increasing concentration of
Dopamine

Similarly CNP2 has been coated on PMMA-NP to detect dopamine using similar processing as
CNP1. The reflectance spectroscopy of CNP2-NP on its reaction with dopamine has been
presented in Figure 35. It can be clearly observed that the detection of dopamine can be reached
up to 1fM. Though it is to be noted that the valley of the peak corresponding to CNP-Dop
interaction at ~458 is deeper in case of CNP1 than compared to CNP2. Also the scale of the
%Reflectance intensity is different for CNP1 and CNP2 interaction with Dopamine. It is to be
noted that CNP2-Dop reflectance peaks are at higher intensity of reflectance which implies
lower values of absorbance, which is attributed to lower concentrations or weaker interactions
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compared to CNP1-Dop interaction peaks.

Figure 35: The reflectance spectroscopy of CNP2-NP on interaction with dopamine for its
detection. The valley that corresponds to CNP2-NP Dop distinctly decreases in depth with
decrease in concentration of dopamine. The detection of 1fM has been achieved, however with
lower intensity using CNP2-Dop. The arrow denotes the increasing concentration of
Dopamine

Previously the Kubelka–Munk theory states the relation between absorption and reflectance.
The attenuation of the transmitted radiant power is measured to be the figure called absorbance.
One of the major causes of attenuation is due to absorption which is a physical process and
other factors include scattering, reflection, and other physical processes. Therefore the
absorption is linearly proportional to absorbance which is intern is linearly proportional to the
materials concentration. The sensitivity analysis of the CNPs-NP sensor has been performed by
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plotting the Log ((1-R) 2/ 2R) vs concentration. The Kubelka–Munk theory states that Log ((1R) 2/ 2R) is linearly proportional to absorption which as discussed is linearly proportional to
concentration.

Figure 36: The sensitivity analysis of dopamine detection using CNP1-NP and CNP2-NP
have been compared to investigate a better transducer for dopamine detection. It can be
clearly observed that the sensitivity of CNP1-NP is calculated to be higher by 35.7%
compared to that of CNP2.

The sensitivity of dopamine detection by CNP1-NP and CNP2 NP have been compared in the
plot of Log((1-R)2/ 2R) vs concentration of dopamine shown in Figure 36 to investigate which
CNPs is a better for detecting dopamine. The detection has been repeated three times to obtain
an error bar for the detection. The highly reproducible soft lithography techniques used to
develop the PMMA-NP substrates will establish reproducibility of the sensor in different
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batched experiments under different working conditions. It can be clearly observed that CNP1
exhibits better sensitivity than CNP2 towards detection of dopamine. This increase has been
calculated to be 35.7%. Thereby we can conclude that CNP1 with more Ce4+ on the surface is
a better sensor material compared to CNP2 with higher Ce3+ on its surface for dopamine sensor.

Figure 37: The sensitivity analysis of dopamine detection using CNP1-NP and CNP1 on plane
PMMA substrates have been compared to investigate the effect of increased surface area in
case of PMMA-NP. It can be clearly observed that the sensitivity of CNP1-NP is calculated to
be higher by 43.8% compared to that of CNP1 on plane substrates. .

Previously in section 3.3.3, it was observed that PMMA-NP with highly ordered and high aspect
ratio nanopillars constitute up to ~267% increase in the surface area. We have spin coated CNP1
on plane substrates of PMMA to test the increase in detection and sensitivity when compared
to PMMA-NP. The sensitivity graphs comparing the CNP1-NP and CNP1-plane detection of
dopamine have been shown in Figure 37. It can be clearly observed that CNP on NP showed
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increased sensitivity towards dopamine than on plane substrate, which is calculated to be
43.85%. Thereby the increased surface area of NP is of high significance in achieving improved
sensitivity of dopamine detection using CNP1. It is to be noted that the detection on plane
substrates is almost negligible after 100nM of detection.

3.3.6 Selectivity of CNPs- NP Dopamine Sensor
The selectivity of CNPs-NP sensor has been tested to ensure the future field application
possibilities of the sensor. The CNPs-NP sensor aims to perform with reproducibility,
selectivity, sensitivity and augment tolerance limits. Sensitivity of the CNPs-NP-Dop sensor
will institute dopamine limits of detection with and without the presence of other biomolecules
with similar or different catechol moieties. Additionally the sensor will be tested in relevant
simulated body fluid which is important for medical research applications. It has been known
that dopamine metabolites in sweat/urine exist as 3,4-Dihydroxyphenylacetic acid (DOPAC)
and epinephrine [136]. The CNP1-NP-Dop sensor has been tested in these metabolites and the
reflectance spectroscopy is presented in Figure 38. It can be clearly observed that the peak of
CNP1-DOPAC, CNP1-Epinephrine and CNP1-Dop are coinciding. This established that the
dopamine metabolites in sweat and urine can also be tested using the CNP1-NP-Dop sensor
platform we have developed. This can revolutionize the detection of dopamine using the noninvasive methods without using any blood samples. In all the results previously observed, it is
aimed to detect dopamine in blood samples eventually.
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Figure 38: The reflectance spectra of CNP1-NP substrates on its interaction with dopamine
metabolites, namely DOPAC and epinephrine have been investigated to establish the possible
detection of dopamine using non-invasive techniques using body fluids such as urine and
sweat. It has been observed that the peak of CNP-Dop interaction coincides with that of its
interaction with DOPAC and epinephrine to establish possible detection of dopamine
metabolites
The concentration of dopamine ranges from 0.01 to 1 μM in the extracellular fluid of central
nervous system, compared to ascorbic acid (AA) that is 100-500 μM in concentration. In has
been shown in literature multiple times in studies that detect dopamine using electrochemical
techniques that dopamine and ascorbic acid exhibit similar or nearly identical redox potentials
with close sensitivities [102]. In this study we have tested the selectivity of the CNPs-NP-Dop
sensor with ascorbic acid to test its sensitivity towards CNP1. Other interfering species present
in the serum of the blood which does not include all the proteins used in blood clotting and
blood cells and includes different electrolytes, antibodies, antigens, hormones and other
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exogenous substances [137]. We have tested the sensor against sheep serum to test the
selectivity and sensitivity of the sensor towards all the ingredients present in the serum.
Additionally, we have tested the sensor against simulated body fluid (SBF) which has all the
different salt that consist of anions and cations which include: Na+, K+, Mg2+, Ca2+, Cl-,
HCO3-, HPO42-, SO42-. The reflectance spectroscopy of CNP1-NP sensor on interaction with
ascorbic acid, sheep serum and SBF have been shown in Figure 39. Additionally the reflectance
spectroscopy of just dopamine and just CNP1 have been shown to compare the fact that there
is no shift in the interaction of CNP1 with either of ascorbic acid (AA), Sheep serum or SBF.
All the interfering species were investigated for selectivity at 1µM concentration, which is high
enough for physiological conditions. This ensures the highly selective chemical interaction peak
between CNPs and dopamine which is unique to this combination due to the formation of the
charge transfer complex. It is to be noted that in all the reflectance spectra, the peaks upon
interaction with the interfering species coincide with that of just CNP1 indicating lack of
chemical interaction in reflectance spectra.
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Figure 39: Reflectance spectroscopy of CNP1-NP sensor upon its interaction with ascorbic
acid (AA), sheep serum and SBF. Additionally the spectra of just dopamine and just CNP1 are
presented to compare that there is no evident shift in the valley of the CNP1 peaks upon
interacting with AA, sheep serum and SBF.

Moreover, to increase the applicability of the sensor, we have tested the CNP1-NP substrates
using dopamine dissolved in SBF. The range of concentrations of dopamine tested in SBF are
100nM, 1nM, 10pM, 100fM, 10fM. The sensitivity of the reflectance spectra against the
concentration of dopamine are presented in Figure 40 compared to that of the results obtained
in using just water as the solvent. It can be clearly seen that there is a slight decrease in
sensitivity of the dopamine detection in case of testing in SBF compared to that of water and
this decrease in calculated to be about 15.7% in sensitivity. Another important observation is
that the CNP1-NP sensor can still detect up to 1fM concentrations of dopamine in presence of
SBF.
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Figure 40: The sensitivity analysis of detection using CNP1-NP in plain DT water and SBF
solutions have been compared to investigate the effect of ions in SBF solution. It can be
clearly observed that the sensitivity of CNP1-NP in SBF decreased by a calculated percentage
of 15.7% compared to that of DI water. However, it can be established that the sensor can
detect up to 1fM in SBF solution as well.

3.3.7 Robustness of CNPs- NP Dopamine Sensor
In this section, we shall investigate the robustness of the CNP1-NP-Dop sensor in terms of
reusing the CNP1 coated PMMA-NP. It is evident that the CNP1 reacts with dopamine and
undergo redox reactions where the dopamine is oxidized and the Ce4+ on the surface is reduced
to Ce3+. Therefore our objective is to revive the concentration of Ce4+ on the surface of the
sensor. The surface chemistry of CNPs is a delicate balance that can be maintained by
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controlling the microenvironment around the particles such as ionic strength, pH, temperature,
radiation etc. There are many ways to change the surface chemistry of CNPs, out of which one
of them is to change the pH of the solution. A small study has been conducted to change the pH
of the solution using combinations of acids and basis to see how the surface chemistry is
effected using UV-Visible absorbance spectroscopy. In Figure 41A, we can clearly see that with
the CNP1 solutions tends to have more prominent peak of Ce3+ at lower acidic pH. On the other
hand CNP1 has more Ce4+ on its surface when the pH of the solution is changed to more basic
as shown in Figure 41B.

Figure 41: UV-Visible spectroscopy of CNP1 when the solution pH is changed in (A) in acidic
medium and (B) in basic medium. It can be clearly seen that the Ce3+ is more dominant in
case of acidic medium with a peak around 258nm and Ce4+ is more dominant in case of basic
medium with a peak around 290nm.

Furthermore, we have done a simple catalase mimetic activity assay test to see if the catalase
mimetic activity is dominant in the basic pH range of CNP1 solutions as shown in Figure 42.
The results exhibit trends as expected in which all the samples above pH 7 have increase catalase
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mimetic activity compared to the CNP1 solutions in acidic pH. This implies that the Ce3+ on
the surface of CNPs are more dominant in acidic pH and Ce4+ on the surface are more dominant
in the basic pH of the CNPs solution.

Figure 42: The catalase mimetic activity of CNP1 when its pH is changed to represent that at
basic pH range, the solutions exhibit enhanced catalase mimetic activity.

Using the above study, it can be inferred that if the surface of the CNP1-NP substrates interacts
with a buffer solution in the basic pH range, it can aid in reviving back the surface chemistry of
the surface of CNP1. Therefore a buffer solution of pH 8.5 has been prepared using KH2PO4
and NaOH. The buffer was dropped on the CNP1-NP sensor for half hour and washed twice to
remove the buffer ions to retain the surface chemistry of CNP1 to reuse sensor.
The reflectance spectroscopy of CNP1 reacted with number of washed of buffer cycles have
been presented in Figure 43. After each cycle of detection, the substrates were made to interact
with buffer and after washing the reflectance spectroscopy was recorded before we perform
testing of dopamine on it. It can be clearly observed that the buffer cycles up to three buffer
washes have been shown to retain the reflectance peaks of CNP1. This is attributed to the
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regenerative nature of CNP and its tendency to modulate the concentration of Ce4+ and Ce3+ on
the surface with the change in microenvironment.

Figure 43: The reflectance spectra of CNP1-NP (not for the detection of dopamine) after
interaction of the substrates with a buffer of pH 8.5. It can be clearly observed that the
surface chemistry and the characteristic peaks of CNP1 have been retained till three cycles of
buffer wash. It is to be noted that there has been a detection of dopamine performed between
each of the buffer wash.

The robustness of the sensor can be even considered to be applied in the case of CNP-Dop
sensor considering the regenerative property of the surface of CNPs which has the ability to
switch from Ce4+ to Ce3+ and vice versa, depending on the change in the microenvironment
around the particles. Additionally, Figure 44 represented the detection of CNP1-NP after every
buffer wash to see of the peak of CNP1-Dop is still retained and intact for detection. It can be
inferred that the detection of dopamine has been observed till almost the 4th cycle of detection.
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Figure 44: The reflectance spectra of CNP1-NP- Dop for the detection of dopamine after
interaction of the substrates with a buffer of pH 8.5. It can be clearly observed that the sensor
is able to retain its characteristic peak of CNP1-Dop interaction around 458nm and the
detection can be performed up to 4 cycles after buffer wash.

The first buffer wash has been performed after the first round of detection of dopamine.
Therefore the CNP1-NP-Dop sensor can detect dopamine till 3 cycles of buffer wash and 4
cycles of dopamine detection. One of the major factors limiting the number of cycles of
retention of the surface chemistry for more cycles of detection is that there is a high possibility
of detachment of CNP1 nanoparticles from PMMA-NP due to multiple washes. Due to the
possible decrease of total particles of the nanopillars, the sensor is not able to revive the required
amount of sensitivity.
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3.4 Summary

The study extensively ensembles the development of a dopamine enzyme free biosensor, using
CNPs as a transducer. The dopamine biosensor thus developed can detect up to 1fM , which is
lower than physiological concentrations and most importantly 3 orders lower than clinically
relevant concentrations (ultra-low in case of neurodegenerative diseases) of dopamine We have
successfully developed a dopamine biosensor using CNPs immobilized or highly ordered and
high surface area robust PMMA nanopillars substrates. This biosensor can be used using noninvasive techniques without placing any electrodes in the brain and additionally has high
sensitivity, selectivity, robustness and of low cost. The aim of the development of such
dopamine sensor is to use blood or sweat/urine, and perform the detection outside the body. The
PMMA substrates are ow in cost and the fabrication process is a one step process that is easy,
facile and highly reproducible.
The CNPs which are highly redox active in nature form a charge transfer complexes of
dopamine which then reside on the surface of CNPs form a redox couple, where the dopamine
oxides and Ce4+ converts to Ce3+. CNPs with variant surface chemistry has been thoroughly
investigated and scrutinized to make an efficient sensor material towards dopamine detection.
Prior to immobilizing the CNPs, CNPs with almost opposite surface chemistries have been
investigated to interact with dopamine and scrutinize and select the most suitable once for
developing dopamine sensor with increased sensitivity and selectivity. In this study CNPs with
same shape and size namely, CNP1 and CNP2, where one has more Ce4+ on the surface and the
other with more Ce3+ on the surface respectively have been studied. Preliminary
characterization of these solution upon interaction with dopamine exhibited that the CNP1 with
more Ce4+ on its surface has stronger interaction with dopamine forming a brownish pink color
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solution, expressing strong conjugation. Moreover, UV-Visible absorbance spectra showed that
there is a peak of oxidized form of dopamine upon interaction with CNP1 and CNP2. Though
the shift in the oxidized peak of dopamine is high in case of CNP1. Therefore the peak at this
shifted wavelength has been taken a sign to develop a dopamine sensor using CNPs.
Highly ordered nanopillars substrates developed on PMMA substrates are chosen as a platform
to immobilize CNPS on high surface area nanopillars substrate. The increase in the theoretical
surface area is calculated up to 267 %. CNPs were immobilized using spin coating technique
followed by heat treatment to makes sure the CNPs uniformly distribute over the NP and adhere
strongly. The coating thickness was calculated to be ~16nm. This exhibits the successful
immobilization of CNPS on nanopillars
The sensor has been chosen to operate using reflectance spectroscopy of the CNP1-NP platform
as it gave a distinctive shift of `15nm and there was an increase in the size of the valley with
increase in concentration of dopamine establishing a sensitivity trend. CNP1 coated on NP have
shown to have increased sensitivity towards dopamine detection by ~35.7% when compared to
CNP2. This establishes that the CNP1 surface chemistry with more Ce4+ on the surface acts as
a better sensor material towards detecting dopamine than CNP1 with more Ce3+ on the surface.
Moreover the CNPs-NP sensors were able to detect up to 1fM of dopamine using this technique.
Additionally it has been revealed that the CNP1 coated on NP exhibited higher sensitivity by
~43.85% compared to the CNP1 coated on just plain substrates of PMMA. This shows that the
significant increase in surface area exhibited by the PMMA-NP substrates have a high
contribution towards the sensitivity of CNP1-NP dopamine sensor.
The sensitivity of dopamine sensor was investigated to gauge its practical use in presence of
interfering species present in blood or bodily fluids. The sensor has been investigated to test the
detection of dopamine metabolites such as DOPAC and epinephrine that are present in body
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fluids such as sweat or urine, which can be collected from the body using non-invasive
techniques. This successful detection of the metabolites establishes a preliminary results for
possible dopamine using sweat or urine in the future. The sensor additionally exhibits high
selectivity towards interfering species discuss in the literature such as ascorbic acid, sheep
serum and simulated body fluid. Additionally, the sensor is able to detect up to 1fM in presence
of SBF with only a slight decrease in sensitivity of ~15.7%. The sensor has been tested for
robustness by reacting the CNP1-NP substrates with a buffer of pH 8.5. The buffer treatment
has revived the surface chemistry of CNP1 and lead to 4 cycles of detection of dopamine
revealing the advantage of using CNPs a sensor material with regenerative redox active
properties. Eventually, for future work, it would be better to use techniques such as ALD or
electrophoretic deposition for better adhesion of CNPs on the nanopillars which can
significantly improve the robustness by reducing the leaching of CNPs from the nanopillars due
to repetitive washing.
In conclusion, the CNP-NP Dop sensor shows high sensitivity up to 1fM detection, with high
selectivity in SBF, acetic acid and sheep serum and high robustness up to few cycles of use of
the sensor. The broader implications of the study is to inspire future generation; point of care
device using non-invasive techniques, where we can wirelessly monitor dopamine levels using
sweat through smartphones. This can revolutionize the detection of analytes which has specific
chemistry when it interacts with the sensor material and use optical transducers for detection.
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CHAPTER FOUR: DETECTION OF LIMONIN USING CNPS
INTEGRATED IN SILK FIBROIN AS TRANSDUCER ON ORGANIC
ELECTROCHEMICAL TRANSISTOR

4.1 Introduction

4.1.1 Introduction to Limonin detection
Limonin is a biomolecule which belong to the limonoid category. It is bitter in taste and is a
white crystalline substance found in many citrus fruits and other plants. Chemically it is a
member of furanolactones class of compounds. Limonin is a triterpenoid dilactone and is
extremely bitter and it’s the bitter element in many varieties of citrus fruits[138, 139]. In
grapefruit it is one of the most important bitter element. The higher source of limonoids in citrus
fruits are found in the seed and the limonoid, limonin is found in the higher concentration [140].
Limonin is formed from a tasteless precursor called limonite β ring lactone, which is present in
the juice sacs. When the juice is extracted from the fruit, this precursor from the juice sacs
comes in contact with the acidic component of the juice and is gradually lactonized to form
bitter limonin. The delayed bitterness is observed in the juices of navel oranges. The bitterness
in grapefruits are at times desirable though, intensive bitterness is can be unpleasant, though
any bitterness in oranges is distasteful. Therefore limonin is one among measure of quality of
citrus juices and is detrimental to the citrus industry. The quantification and detection of
limonoids based bitterness in citrus juices can be very crucial to improving fruit quality in citrus
industry[141]. There are several limonoids in the citrus fruit such as nomilin which is bitter
while obacunone and deoxylimonin are tasteless [142]. Therefore, the quantification of
89

limonoids to track bitterness is of significant importance. Among both limonin and nomilin, the
former is of higher significance as it occurs more frequently in high concentrations. Limonin
exist in two forms, a non-bitter monolactone 3 and the bitter dilactone 1 the monolactone
eventually becomes bitter once it comes in contact with the acidic juice while processing.
Several techniques and procedures are tested to eliminate limonoid formation and or reduce the
content of the bitter components from citrus juices. [143-145]. All the methods have technical
and economical limitations as they alter the chemical composition of the juice as they are
nonspecific in nature and effect the nutritional quality of the fruits in terms of flavor, texture,
order and stability [146]. Therefore in order to adopt suitable economical and reliable strategies,
the detection of limonin concentration during the processing of the citrus fruit juices have to be
considered. The available techniques have limitations in terms of time consuming, high cost
and are not fit for online monitoring of levels of limonin [147].
Several pathologies such as atherosclerosis, cancer and inflammation is caused by oxidative
stress created by excess free radicals inside the body. It has been established that such risk can
be reduced by proper dietary patters including a significant intake of fruits and vegetables,
which contain a lot of antioxidants [148, 149]. Limoinds have proven to be antioxidants which
are biologically active and exhibit anticarcinogenic activity. It is testified that the dietary
supplements of limonoids such as limonin and nomilin can overpower the carcinogenesis in
rat’s liver and small intestine [150, 151]. Additionally it has been found that the in-vitro intake
of limonin and nomilin reduces the proliferation of human breast cancer cells. Therefore
administrating the concentrations of limonin is very important[152].
Over the years, there are several analytical techniques that have been adopted to quantify
limonin. Many of the technique use a normal phase or reverse-phase high performance liquid
chromatography (HPLC) which is occasionally coupled with UV detection. Later the LC is
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combined with mass spectrometry (LC-MS) for limonin analysis using electron ionization mass
spectral detection and atmospheric pressure chemical ionization [153, 154]. Other techniques
such as electrospray ionization liquid chromatography- mass spectrometry have additionally
been adopted to test limonin content. All the above described techniques have been used in their
reverse phase to increase the limit of detection. The major limitation of HPLC technique is the
non-existence of any selective chromophore in limonin and the lack of low detection limit [155].
The sample preparation and handling is extremely sensitive and time consuming and the
detection time is also lengthy. Additionally limonin has been determined using thin layer
chromatography

(TLC),

gas-liquid

chromatography

(GLC)

chemical

derivatization

accompanied with fluorimetry or spectrometry, radioimmunoassay (RIA) and enzyme
immunoassay (EIA) [145]. Immunoassay methods have advantages over HPLC techniques as
it’s of low cost and offer faster detection processes [155]. To the best of the knowledge of the
authors, there is only one study that aims at detecting limonin using an amperometric biosensor
that can detect up to 15 ppm of limonin in kinnow mandarin juices.
4.1.2 CNPs as a Transducer to Detect Limonin
In this study we aim to develop a limonin sensor using CNPs as sensor material \ which are
integrated in silk fibroin electrospun platform using an organic electrochemical transistor.
Inferring from the fact that limonin can act as antioxidant, it should possess an intrinsic
electroactive component to its chemical structure. This electrochemical activity can be coupled
with the redox activity of CNPs to establish a limonin sensor using CNPs. It has been well
established that CNPs themselves act as antioxidants, which is attributed to the redox nature of
Ce3+ and Ce4+ switching on the surface of CNPs. Both the oxidation states of Ce3+ and Ce4+
coexist on the surface of CNPs which gives rise to oxygen vacancies that act like hot spots for
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targeting other electroactive entities. In this case we can combine the electrochemical activity
of CNPs and limonin to observe any change in the interaction of the two electrochemical entities
and detect using a transistor platform.
4.1.3 Introduction to Electrospun Silk Fibroin Nanofibers to Immobilize CNPs
Traditional scaffolds have proven to have potential applications in significantly improving the
process of tissue engineering and act as efficient drug delivery vehicles. Generally the scaffolds
are based on hydrolytically degradable macro-porous materials which can be loaded with
variety of drugs to achieve a controlled delivery. In this study we shall use silk fibroin to load
CNPs and a medium to immobilize CNPs that can be used to develop a biosensor for limonin
detection

4.1.3.1 Introduction to Silk Fibroin
Silk fibroin (SF) is a fibrous protein based polymer produced by various insects including
Bombyx mori silk worm and is one of the strongest natural fibers which is attributed to its
chemical structure. SF contains amino acid repetitive sequence of glycine-alanine-glycinealanine-glycine-serine (GAGAGS) and this sequence self assembles into anti-parallel β-sheet
structures [156]. The presence of amino acids enables the chemical modification of the protein
to systematically tailor and direct its application. The protein crosslinks through the hydrogen
bonds at inter and intra molecular level and the β-sheet structures are highly crystalline in
nature. The Vander Walls interactions between the stacked β-sheets make the material
mechanically robust. In previous studies it has been reported that the ultimate tensile strength
of silk filaments is between 610-690 MPa compared to 0.9-7.4 MPa of collagen and 28-50 MPa
of PLA[157]. Additionally the modulus of silk is reported to be 15-17 GPa compared to 0.001892

0.046 GPa of collagen and 1.2-3.0 GPa for PLA[158, 159]. The extent of β-sheet in SF can be
controlled by physical and chemical alterations, which can in turn control its crystallinity and
degradation. The hydrophobic crystalline β-sheet proteases in water resulting in slow
degradation kinetics of silk in vivo. The repetition of glycine-amino exhibits polymorphism
between the α, β, γ protein conformations of which the β-sheet form has been proven to be the
source of piezoelectricity for biopolymers [160]. SF is proven to have excellent biomedical
application attributed to its mechanical properties, biological properties including
biocompatibility, minimal inflammatory reaction, increased oxygen and water vapor
permeability, slow biodegradability and regulated aqueous processing ability [161-167]. The
raw and regenerated forms of SF have been used in varied biomedical applications such as drug
delivery matrices, sutures, coatings of surfaces for cell culture and 3D scaffolds for bone,
ligament, fat, cartilage and vasculature engineering[168]. The cocoons from Bombyx mori
contains SF and sericin a glue-like protein, which is extracted initially as it is found to induce
inflammatory responses in vivo [166]. It is to be noted that SF has been approved by the US
Food and Drug Administration (FDA) in some of the medical devices. The post processing of
SF offers versatile process ability to form various structures including films, scaffolds,
microspheres, tubes, fibers, sponges, and hydrogels with completely feasible biochemical and
degradable properties for tissue engineering [169, 170]. The ability to process silk into different
nano-architectures in an all-aqueous process renders it useful for delivering bioactive molecules
and entities using a biomaterial matrix, thus avoiding the complications concerning the residual
organic solvents in scaffolds and devices.

4.1.3.2 Introduction to Electrospinning Process
The process of electrospinning has been extensively explored recently due to its unique
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technique in producing polymer nanofibers with controlled diameter using processing
conditions. In the process of electrospinning, a high voltage using a DC supply is applied
between the collector and the needle from which polymer is draw using a syringe pump. The
high voltage draws the polymer solution forming a Taylor cone which splits into multiple nano
or micron sized electrically charged jets which get dried on the way to the collector where it
forms a nonwoven fabric [171]. The experimental parameters such as applied electric field,
distance between the needle and collector, flow rate, viscosity of the starting solution, geometry
of the needle play an important role in determining the final morphology of the fibers obtained.

4.1.3.3 Application of Silk Fibroin Electrospun Fibers
The fibers can also be collected on a rotating drum to induce orientation of fibers in a particular
direction Over the decades, in vivo and in vitro studies of SF nanostructures have been proven
to show positive effect on cell adhesion, growth, viability, differentiation and proliferation of
endothelial, fibroblast and osteoblast cultures[172-174]. In one of the studies it has been
demonstrated that the electrospun SF nanofiber nano-woven fibers have proven to good
candidates for biomedical applications such as wound dressing and tissue engineering by the
use of scaffolds [175]. In another study, the effects of SF electrospun fibers were studied on
human aortic endothelial and human coronary artery smooth muscle cells [176].

4.1.3.4 Introduction to Silk fibroin as Enzyme Immobilizer in Biosensors
SF possess unique properties such as high thermal stability and microbial resistance [177] which
makes it ideal to use to immobilize and entrap CNPs. It has been well established that SF is
found to be an excellent material for enzyme immobilization. In one of the studies, SF is
rendered insoluble in water and biomolecule enzymes such as are β-glucosidase are
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immobilized on it, which are employed as sensor material in biosensors [178]. In another
illustration, woven SF is used as a carrier to immobilize aspartate aminotransferase,
ribonuclease and alkaline phosphatase through covalent bonding for developing a sensor [179].
There are many examples in literature where SF from Bombyx mori has been used to
immobilize glucose oxidase or horse radish peroxidase for developing amperometric glucose
biosensor. Other studies have used SF to immobilize enzymes such as peroxidase, uricase etc
[180]. In another illustration SF is used to immobilize peroxidase inside the electrode made of
glassy carbon to develop a hydrogen peroxide sensor [181]. In many instances, enzyme carriers
have to be chemically treated to render them insoluble in water and deactivate the enzymes.
One main advantage of using SF is we can entrap the enzymes without the use of chemical
reagents. The SF renders itself insoluble in water just with ethanol treatment, which is attributed
to its unique amino acid sequence and its primary structure. There SF can be used to immobilize
unstable biomolecules, enzymes, cells etc [179, 182, 183].
Additionally, the residue to tyrosine in SF is a strong electron donor that can potentially reduce
metal ions to their oxide nanoparticles. In one of the studies AuNPs were formed in-situ SF
solution, where SF acts as a reducing agent and also encapsulates the NPs. It has been studied
that the hydroxyl, aromatic, amine, carbonyl and sulphydryl present in SF protein can easily
bind to the metal NPs surface and form a bioconjugate [184-186]. This can ensure uniform
distribution of NPs inside SF matrix and strong chemical interaction between metal NPs, which
can be an excellent for biosensor application. Moreover, the diffusion of the analyte inside the
SF matrix can be highly improved if the SF structures are porous in nature [187]. This can be
achieved by electrospinning SF.
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4.1.4 Introduction to Organic Electrochemical Transistors
We hypothesize that an organic electrochemical transistor sensor consisting of CNPs integrated
in SF electrospun matrix with a microfluidic system will enhance the sensitivity and selectivity
towards the detection of limonin responsible for bitterness, sourness and off-flavor for onsite
fruit quality assessment.
Transistor based sensors have significant advantages such as miniaturization, feasibility, high
throughput sensing, etc. and have wide range of applications in food safety detection, medical
diagnostics, drug delivery and environmental monitoring. A transistor-based sensor is a device
which consist the combination of a sensor and an amplifier, thereby it exhibits high sensitivity
in which a small change of the effective gate voltage induced by an analyte can result in a
prominent change in channel current [188, 189]. In this study we propose the development of
biosensors based on Organic Electrochemical Transistors (OECTs) which exhibit stable
performance in aqueous environment and have lower working voltages, which are normally less
than 1 V, making it appropriate to sense limonin to access fruit quality for on-site applications.
Additionally, the fabrication of an OECT is easier, considering the fact that the channel of the
device and the gate electrode are separated. Thereby, it is convenient to fabricate an array of
OECTs and integrate them in a complicated system of microfluidic channel.
A typical OECT consist of three electrode terminals which are the source and drain electrodes.
A conductive polymer films, which is the transistor channel exist between the source and gate
and the current between the gate electrode and the conducting polymer film is recorded. The
gate electrode and the transistor channel (along the conductive polymer) are in ionic contact
through an electrolyte that generally consist of the analyte as shown in Figure 45. The working
principle of an OECT generally relies on the change in doping or de-doping of the conjugated
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conductive polymer channel by the application of positive voltages at the gate electrode. The
voltages force the ions from the electrolyte to penetrate the channel between the source and
drain and reduce the number of charge carriers and subsequently changing the current between
the source and drain [190, 191]. Indirectly the conductivity of the organic semiconductor
conjugated conductive polymer changes in a non-linear trend and a small amount of ions
entering the conductive polymer

Figure 45: Schematic of a typical OECT-based sensor.

changes the current between the polymer between to a higher extend [192]. This inherent
amplification property of OECTs that convert ionic currents to electronic currents helps in
exploring interactive transducer to develop biosensors. Several organic semiconductor polymer
conductive conjugate have been explored to develop OECTs such as polyaniline (PANI), poly
(3, 4-ethylenedioxythiophene): poly (styrene sulfonic acid) (PEDOT: PSS) and poly (3hexylthiophene) (P3HT). Such conductive polymers can be deposited between the gate and
source electrode using techniques such as spin coating, inkjet printing, screen printing and
thermal evaporation [189]. Recent developments in emerging OECTs based biosensors, have
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led to the use of highly conductive polymers such as PEDOT:PSS, which acts as an ideal
platforms to interface with OECTS for bio-signaling integration with electronics [193].
The OECT working principle is based on the change in the potential drop across one of the two
interfaces; electrolyte/channel and gate/electrolyte, under the influence of analyte [189, 194,
195]. Moreover, the sensing response can be additionally induced by the analyte in the form of
change in the effective gate capacitance of the transistor or the conformational change in
semiconductor polymer [196-198]. The gate electrode of an OECT plays an important role in
its sensing properties analytes. In OECTs, the analytes are always confined in the electrolyte
and selectively detected on the surface of either the gate electrode or the channel or through
suitable surface modification. It has been previously investigated that the OECT-based glucose
sensors exhibited much higher sensitivity (5nM) compared to the electrochemical amperometric
detections (5µM) using the same enzyme electrodes, thereby indicating that OECTs are
excellent transducers for highly sensitive biosensors[199]. Another important advantage of
OECTs in terms of fabrication is that the distance between the gate electrode and channel is
flexible (up to several cm)[200]. This makes it easier to functionalize the gate electrode to
modulate the channel current. The channel current, which is the characteristic parameter of the
OECTs can be controlled by electrochemical doping or de-doping from the electrolyte,
containing the analyte when gate voltages are applied.
In this study, as explained before, the CNPs-SF composite will be used to modify the surface
of the gate electrode that shall generate changes in interfacial capacitance between the metal
gate electrode and electrolyte that consist of limonin [189]. The specific interaction between
CNP-SF with limonin will enhance the selectivity and sensitivity of the sensor. Similarly, in
previous literature, nanomaterials such as graphene, reduced graphene oxide (rGO), Pt particles,
multi wall carbon nanotubes (MWCNTs), etc. and biomolecular probes such as glucose oxidase
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(GOx), antigens and DNS probes are immobilized on the gate electrode to enhance the sensor
performance to detect. Additionally, it has been reported that OECTs have been used to detect
analytes such as glucose, hydrogen peroxide and ions [201-203]. More complex biological
entities such as cells, DNA, detection of neurotransmitters such as dopamine, monitoring brain
electrical signal activity and controlling electronic ion signaling in single cells [204] [205].
In one such illustration dopamine, a vital neurotransmitter is detected using OECT by
immobilizing a composite of RGO-nafion-chitosan on Pt gate electrode, which resulted in
detection limit up to 5nM and increased its selectivity from inferring species of acetic acid and
uric acid to 50µM concentrations. Here the graphene based nanomaterial has enhanced the
sensitivity and selectivity of the dopamine sensor [206]. In another research study, glucose
oxidase along with chitosan, as a biocompatible polymeric matrix was immobilized on Pt gate
electrodes and further modified using nanomaterials such as MWCNTs and Pt nanoparticles.
The detection limits of the devices improved from 10µM to 5nM with the addition of
nanomaterials and the enhanced sensitivity is attributed to the electro-catalytic properties of the
nanomaterials and the increased surface area[199]. In another study, GOx is immobilized on a
polyaniline substrate and tetrathiafulvalene was used as a redox mediator, where the detection
limit was extended to 2 μM, which was about 40 times better than the amperometric detection
[207]. In another OECT based glucose sensor, osmium-modified enzyme exhibited increased
stability and faster response time to the oxidation and reduction of the attached redox mediator
[208]. In a different study, the gate electrode is coated with DNA probes to detect DNA. The
limit of detention was extended form 1nM to 10 pM due to surface modification of the Au gate
electrode [209].
We additionally intend to integrate the OECT with microfluidic channel to achieve ‘Lab on a
Chip’ concept, i.e. and operate on microscale which provides more controlled and enhanced
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sensing ability of limonin. The use of microfluidic channels enables miniaturization of the
sensors, low energy consumption and analyze samples in a short time, using extremely low
volumes (microliters) of sample and generate negligible residues. Polymer based microfluidic
devices are more relevant to detect limonin as they are flexible, easy to fabricate, more
economic, provide system compatibility and material versatility. Additionally microfluidic
sensors increase the capacity for multiplexing analysis integration considering the exorbitant
number of samples for fruit analysis [210-213].
In this study, we explore the application of a limonin sensor developed on an OECT platform
by modifying the gate electrode using CNPs integrated SF electrospun nanofibers.

4.2 Materials and Methods

4.2.1 Extraction of Silk Fibroin from Bombyx mori Silkworm Cocoon
SF protein are initially isolated from cocoons of Bombyx mori silkworm following a standard
extraction procedure demonstrated in Figure 46 [170]. The cocoons were cut into small pieces,
and boiled in 0.02 (M) sodium carbonate aqueous solution for 30 min to remove sericin. The
degummed fibers obtained were washed and dried overnight in a fume hood to completely
remove the water. The dried degummed fibers were then be dissolved in 9.3 (M) lithium
bromide and the resulting fibroin solution was dialyzed in cellulose dialysis tube against
deionized water for 3 days with several changes to remove residual lithium bromide. The final
SF aqueous solution was centrifuged, and its concentration is determined using gravimetric
analysis. Additionally, the aqueous SF solution thus obtained was lyophilized (freeze-dried) to
obtain a solid form of SF. The process of lyophilization increases the formation of β-sheets thus
making it insoluble in water. Though hexa-fluoro-isopropanol (HFIP) solvent can be used to
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regenerate the freeze-dried SF.

Figure 46: Schematics showing the extraction of silk fibroin from the raw material (cocoon)
to an aqueous based silk fibroin solution

4.2.2 Fabrication of Organic Electrochemical Transistor
The OECTs were developed on a 3 inch Si wafer substrates of size 4.5cm × 3.37cm each. The
101

Au electrodes were deposited using UV photolithography process on the top of the Si substrates
through the process of thermal evaporation as shown in Figure 47. First the Si wafers were
cleaned with acetone, ethanol and water, followed by a post bake of samples to remove excess
water at 115º C for 1 min. Then the positive photoresist shipley S1813is coated following by
baking at 115º C for 1 min. Then the substrate is exposed to UV lamp source using a mask
aligner. The mask is inserted inside the aligner prior to exposure. After the exposure, the wafer
is again post baked for 115º C for 1 min. Then the wafers are developed using 351 developer in
1:5 ratio (developer: DI water) for 2 minutes following by a water wash and dried with nitrogen
air. The Au electrode were deposited using thermal evaporation. A thin layer of Ti of thickness
5nm acts as the adhesion layer for the Au thin film of 50nm in thickness. The device is treated
with oxygen plasma to clean before the coating of the active polymer. A channel length and
width of 8mm and 6mm respectively was left between the source and drain electrodes. The
PEDOT: PSS solution is then drop casted on top of the source and drain electrodes inside a
PDMS mold, made in house to contain the PEDOT: PSS. The devices are annealed at 60 ºC for
one hour.
A SU-8 mold was fabricated on a silicon wafer by pouring SU-8 2050 on a wafer and removing
any bubbles formed through degassing. Before spin coating the SU-8, the wafers were treated
with HDMS for the SU-8 to strongly adhere to the wafer and avoid its peel off when it will be
finally used as a mold. It is then spin coated at 500 rpm for 10s to flatten the resist, followed by
spin coating it at 2500 rpm for 80s to get a final thickness of approximately 60 µm. The SU-8
film is then heated on a hot plate and then exposed to UV radiation using a mask for the
appropriate design of microfluidic channels in the mask aligner. The film is post baked to
crosslink, followed by the developing process to remove the uncross-linked portion, retaining
the area exposed to UV light.
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Figure 47: The above schematic represents the CNPs-SF-OECT integrated sensor with
microfluidic channel system for detection of limonin for onsite application. The OECT
consists of an Au source, drain gate and ground electrodes. The Au gate electrode is surface
modified using CNPs-SF electrospun nanofibers coating to enhance the selectivity and
sensitivity of the sensor towards limonin. The microfluidic system is made of PDMS which is
represented by blue color in which there is a mold of empty space (pink color) for the
electrolyte (limonin in PBS) to pass through the device for sensor detection.

The process of silanization of the SU-8 mold will be performed to avoid the PDMS sticking to
SU-8 or Si surface after curing using fluorination surfactant. This is done by exposing the mold
on the Si wafer to the vapors of dimethyloctadecylchlorosilane in a desiccator overnight After
the preparation of the mold, the PDMS polymer (purchased from Sylgard 184, Dow Corning)
is mixed in a ratio of 10:1 and poured into the mold and treated at 75 ºC for 3 h in an oven. Then
the microfluidic inlet and outlet holes were punched on the PDMS layer after it was peeled off
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from the mold. Finally, PDMS microfluidic channel was bonded to Si substrate containing the
Au electrodes. Finally, the microfluidic- OECTs was treated at 75 ºC for 2 hours in an oven in
order to strengthen the bonding with the device [209, 214].

4.2.3 Testing of CNPs-SF based OECT
Initially, Keithley source meter (Keithley 2400) was connected to the source, drain and gate
electrodes of the devices. The gate voltages (𝑉𝑉𝐺𝐺 ) and drain voltages (𝑉𝑉𝐷𝐷𝐷𝐷 ) was controlled

automatically controlled using the software program. All the measurements were performed in

PBS. Limonin was first dissolved in DMSO and the diluted in 10% DMSO to decrease the
amount of DMSO in final solutions. The final testing solution were diluted in PBS after 1mM
dilution in 10% DMSO and known concentrations of limonin were measured to gauge the limits
of detection.

4.3 Results and Discussion

4.3.1 Characterization and Development of SF Electrospun Fibers
The process of electrospinning has been extensively explored recently due to its unique
technique in producing polymer nanofibers with controlled diameter using processing
conditions. In the process of electrospinning, a high voltage using a DC supply is applied
between the collector and the needle from which polymer is draw using a syringe pump (Figure
48). The high voltage draws the polymer solution forming a Taylor cone which splits into
multiple nano or micron sized electrically charged jets which get dried on the way to the
collector where it forms a nonwoven fabric.
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Figure 48: Schematic showing the process of electrospinning of polymer solution.

The experimental parameters such as applied electric field, distance between the needle and
collector, flow rate, viscosity of the starting solution, geometry of the needle play an important
role in determining the final morphology of the fibers obtained. The fibers can also be collected
on a rotating drum to induce orientation of fibers in a particular direction as shown in Figure
49.

Figure 49: The image shows the lab assembled electrospinning set-up that uses a syringe
pump, high voltage DC supply and collect fibers on a rotating drum

The SF electrospun fibers using SF solution that can be prepared either by using all-aqueous
processing or by dissolving the freeze dried SF in HFIP. The SF solution that is formed at the
end of extraction process as described in section 4.2.1 is an aqueous solution that is not viscous
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enough to be electrospun directly. Additionally, the SF aqueous solution formed at the end of
the extraction process will be lyophilized to remove all the water and re-dissolve in HFIP
solvent to obtain an optimum 11%SF for electrospinning as depicted in Figure 50. This process
involves processing of SF in organic solvent such as HFIP. The fibers formed using this method
shall be continuous and will have no induced porosity by any sacrificial polymer. One of the
added advantages to create SF fibers in HFIP is it makes the SF insoluble in water, which is
ideal as a immobilizer for CNPs, that can be used as a sensor material for the OECTs sensor.
The SF electrospun fibers are predicted to have increased mechanical integrity and extremely
flexible in nature. This can be achieved by inducing high interconnectivity, surface area and
porosity. The process of electrospinning provides a whole new platform to change the
composition of the fibers by adding bioactive molecules and entities such as nanoparticles to
fabricate scaffolds. One of the main advantages of electrospinning SF is the added significant
advantage of increase in surface area of the SF fiber that shall hold CNPs. This shall increase
the interaction of the analyte molecules with CNPs, thereby potentially increasing the
sensitivity.

Figure 50: Schematics depicting the two different ways of preparing SF solution by redissolving in HFIP
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The SF electrospun nanofibers are formed on a drum which is covered with Para film before
electrospinning to collect the sheet of fibers. The Figure 51 shows the SF fiber electrospun sheet
that is finally collected and the SF nanofibers are flexible in nature as represented.

Figure 51: Image depicts the collected sheet of SF non-woven nanofibers from the drum
collector. The flexibility of SF patches is clearly shown in the hand held sample.

The morphology and micro-nano-structures of SF fibers and nanopillars will be characterized
using scanning electron microscopy (SEM). This will confirm the formation of electrospun
fibers with specific details of their diameter of the nanostructures The SEM images of the SF
fibers are depicted in Figure 52A and additionally, the magnified image of the SF fiber is
depicted in Figure 52B, where the diameter of the fibers were ~ 546.79 ± 189.33
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Figure 52: SEM images of (A) SF electrospun fibers from SF in HFIP solution. The average
diameter is 546.79 ± 189.33 nm and the magnified image at ~40000X is depicted in (B)
It is important to investigate the presence of β-sheets present in SF fibers after electrospun as
the presence of β sheet ensures that the SF is insoluble in water and can be an efficient in
immobilizing CNPs for sensor development. The formation of β-sheets in SF structures can be
characterized using Fourier transform infrared spectroscopy (FTIR) to study the molecular
conformation of SF fibers. It has been demonstrated previously that with an increase in the
amount of β-sheets content, the degradation time of SF increases in aqueous medium. The
presence of β sheet I SF is confirmed in the absorption bands at 1628 cm–1 (amid I), 1533 cm–
1 (amid II) and 1265 cm–1 (amid III)[215] as shown in Figure 53A. Regenerated SF shows
typical β-phase sheet conformation and α-phase helix/random coil structures.
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Figure 53: (A) FTIR analysis was conducted to investigate the conformational properties
exhibited increased β-sheets formation in SF electrospun fibers formed from SF solution in
HFIP. (B) X-ray diffraction (XRD) analysis depicts the crystallinity of the fibers with
increased β-sheets formation in post ethanol treated SF fiber samples and that of SF fibers
directly formed from SF in HFIP solution.

Furthermore, X-ray diffraction (XRD) analysis was performed to study the crystallinity of the
SF fibers and films which arises from the presence of β-sheets. The characteristic peak of
presence of β-sheets in XRD is around 20.7◦ [216] as shown in Figure 53B. Additionally the
XRD of just SF in water, SF fibers treated with ethanol are exhibited to compare to the SF
electrospun fibers made from HFIP solution to show that even without chemically treating, we
can achieve high β sheet content of SF fibers electrospun from SF in HFIP solution
4.3.2 Integration of CNPs with SF electrospun
It is hypothesized that the fabrication of successful integration of CNPs retaining favorable
physiochemical properties with SF electrospun fibers can efficiently immobilize CNPs in SF.
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The polymer architectures of electrospun fibers are postulated to improve the loading efficiency
and distribution of CNPs. We have incorporated CNPs in SF nanofibers (SF-CNPs) to
collectively magnify the individual properties of SF and CNPs. We have adopted two different
routes of embedding CNPs in SF matrix (a) non in-situ process involving the addition of bare
CNPs in the pre-processes solution of SF (b) in-situ incorporation of CNPs using the post
processing of SF nanostructures containing the ceria precursor. The engineered integration of
CNPS inside SF has assisted in preservation of physiochemical and antioxidant properties of
CNPs.
The CNPs prepared using wet chemical synthesis in which cerium nitrate hexahydrate salt
(99.999% pure) is dissolved in deionized water and the salt solution is oxidized using excess
H2O2 or NH4OH. The CNPs thus obtained will form a stable suspension in water with average
particle size of 5-8nm.
Non-in-situ Integration of CNPs in SF: SF dissolved in HFIP is highly hydrophobic and
addition of CNPs aqueous dispersion shall lead to the precipitation of SF polymer. The problem
can be resolved by adding freeze-dried CNPs to SF in HFIP solution. CNPs were freeze-dried
and re-dispersed in HFIP through ultra-sonication to eliminate agglomeration of particles. This
dispersion was added to SF solution in HFIP and stirred overnight to ensure homogenous
dispersion of CNPs into the mixture. CNPs were fully embedded into the polymeric
nanostructures of SF, which is attributed to the surface tension of polymers which have the
tendency to coat materials as shown in Figure 54A.
In-situ Integration of CNPs in SF Fibers: The immediate interaction of CNPs integrated with
SF can be enhanced by the presence of nanoparticles on the surface of the SF nanostructures.
This can be successfully achieved by a proposed in-situ preparation of CNPs inside the SF fibers
to enhance the interaction of CNPs with biological substrates and entities. In this case, the
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cerium salt was directly added to SF in HFIP solution. This homogenous mixture was finally
used for electrospinning to form SF fibers containing cerium ions at a concentration of 5mM.
Now the SF nanofibers formed contain cerium ions that are well dispersed into SF fibers these
nanostructures will be immersed into H2O2 solution and kept in rotation mode for 24 to 48 hours.
The SF nanostructures will bulge when soaked in water to form a hydrogel and the cerium ions
present inside the nanostructures are hypothesized to oxidize to form CNPs, which are
homogenously distributed over the whole nanostructure including the surface as depicted in
schematic Figure 54B. The process of making in-situ CNPs highly minimizes the possible
agglomeration of CNPs inside the nanostructures maintaining a homogeneous distribution. The
nanofibers were soaked in either H2O2 or NH4OH solution to form uniform distribution of CNPs
in SF nanostructures.
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Figure 54: The illustration shows the (A) Non- in-situ and (b) In-Situ proposed methods of
integration of CNPs with SF nanofibers

As discussed previously SF containing cerium salt soaked in H2O2 will have more Ce3+ on the
surface of CNPs and those immersed in NH4OH will have more Ce4+ on the surface of CNPs.

4.3.2.1 Physiochemical assessment of preservation and characterization of SF-CNPs
nanostructured patches
The kind of specific catalytic reaction on the surface of CNPs depends majorly on the ratio of
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Ce3+ to Ce4+ representing the surface chemistry which is highly regulated by the
microenvironment (pH, ionic strength) around the nanoparticles. Thereby characterization of
all the SF-CNPs nanostructures obtained from non in-situ and in-situ preparation of CNPs inside
SF fibers were studied.
The morphology of the nanostructures was analyzed using SEM to assess the retention of
nanostructure in case of CNPs integrated SF. It is to be noted that the SEM images of both insitu and non-in-situ prepared CNPs-SF did not show any change in morphology in the SEM
images. The Figure 55 depicts only the in-situ prepare CNPs-SF for representation. The
Transmission electron microscopy (TEM) analysis was performed to see the presence of CNPs
embedded inside and on the surface of nanostructures where the CNPs should appear darker
compared to the polymeric structure of SF. It can be clearly observed from Figure 56 that the
CNPs have been formed in the polymer nanofibers, which indicated the successful reaction
between cerium salt present inside the fibers and the oxidizer precursor that the fibers were
soaked in. The EDS graphs confirms the presence of CNPS inside the fibers.
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Figure 55: SEM image of in-situ prepared CNPs-SF and (B) its magnified image at 96000X .it
can be clearly observed that the nanofiber structure of the fibers are clearly retained after
integrating CNPs inside the SF fibers which involves soaking of the fibers in oxidized solution
for 48 hours.
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Figure 56: (A) The TEM image of the CNPs in polymer nanofibers have been depicted at
different magnifications. It can be clearly observed that the CNPs have indeed formed inside
the nanofibers through the reaction of cerium salt present inside the fibers and the oxidizer
precursor. (B) The EDS analysis of the area of (B) shows the presence of cerium inside the
fibers.

Furthermore, the CNPs-SF nanofibers were allowed to degrade in water and the supernatant
thus collected was analyzed in UV-Vis This way we can predict the surface chemistry of CNPs
inside the SF nanofibers.
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Figure 57: UV-Visible spectroscopy of CNPs that have been extracted from CNPs-SF
prepared in situ that were prepared in two different solutions H2O2 and NH4OH to get two
different surface chemistries on the surface, one with more Ce3+ and the other with more Ce4+
on the surface respectively.

Figure 57 depicts the UV-Visible spectroscopy of CNPs that were collected after degrading the
CNPS-SF nanofibers for 15 days. We have prepared two different kinds of in-situ CNPs
embedded in SF. It was previously discussed and the graph clearly depicts that the CNPs
extracted from the fibers dipped in H2O2 show more of Ce3+ on the surface and the CNPs
extracted from the fibers dipped in NH4OH show more Ce4+ on the surface. The two fibers with
different surface chemistry were tested as sensor material to make a selective towards limonin
detection. The preservation of bioactivity of CNPs was investigated thoroughly using SOD and
catalase mimetic assays. The supernatant collected after the degradation of SF with CNPs was
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tested to investigate the preservation of bioactivity of CNPs inside and on the surface of SF
nanostructures. The SOD mimetic activity was assessed using SOD assay kit and the obtained
results was correlated to that of bare CNPs which exhibited increased SOD mimetic activity.
Moreover, the mixture of bare CNPs with SF solution in presence of HFIP was tested for
bioactivity prior to forming the nanostructures.
Figure 58 depicts the SOD mimetic assay of SF, SF-FDCNPs solution in HFIP, FD-CNPs
solution in HFIP, HFIP solution were tested prior to making the SF nanofibers to make sure that
the CNPs mixed in HFIP solution do not lose their catalytic activity. Moreover we can observe
that SF by itself has some SOD mimetic activity. Additionally SF-FDCNPs (freeze dried CNPs,
that were prepared using H2O2) did not lose its catalytic activity after mixing in HFIP solution.
HFIP by itself do not exhibit any SOD mimetic activity. Moreover CNPs were extracted from
SF nanofibers by soaking them in water for 15 days and the particles that were collected were
tested for SOD mimetic activity to investigate the preservation of antioxidant activity of CNPs.
Both the CNPs collected from CNPs-SF from in-situ preparation using H2O2 and using non-insitu preparation, and just CNPs prepared using H2O2 exhibited SOD mimetic activity, inferring
that the antioxidant activity of CNPs has been preserved.
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Figure 58: The SOD mimetic assay of SF, SF-FDCNPs solution in HFIP, FD-CNPs solution
in HFIP, HFIP solution, CNPs extracted from CNPs-SF in-situ preparation using H2O2,
CNPs extracted from CNPs-SF using non-in-situ preparation, and just CNPs prepared using
H2O2.

4.3.3 Development and Characterization of OECT Sensor
The OECT integrated with a microfluidic system based on an active layer made of poly (3, 4ethylenedioxythiophene): poly (styrene sulfonic acid) (PEDOT: PSS) and gold gate electrode.
The PEDOT: PSS, is a conducting polymer which exhibits biocompatibility and stability is used
as the active material in the transistor channel as shown in Figure 47. In an organic based
transistor, the channel current flows through the organic semiconductor layer (PEDOT: PSS)
when a voltage is applied between source and drain due to the flow of charge carriers. In an
OECT, instead of using an insulating layer, an electrolyte medium is used between the gate
electrode and the channel and in this study PBS solution acts as the electrolyte that shall carry
the limonin. As mentioned earlier, the OECT sensor operates on the basis of change in voltage
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across the two major interfaces of interest in the sensor 1) gate/electrolyte and 2)
channel/electrolyte. The variation in capacitance is a byproduct of this voltage drop across the
interfaces due to interaction with the analyte in the electrolyte. The gate, source and drain
electrode made of Au. Silicon wafer substrates were used to fabricate the OECT and integrated
on the top with a microfluidic system made of poly (dimethyl siloxane) (PDMS) as shown in
Figure 59.
The microfluidic system was fabricated using soft-lithography techniques. The width and depth
of the microfluidic channel will be maintained at were 4mm and 60 µm, respectively. The
PDMS microfluidic channel will be casted into a mold made of SU-8, an epoxy based negative
photoresist. There are a wide variety of materials that can be used as a mold, though SU-8 is the
most commonly used media for fabricating PDMS based microfluidic systems as previously
mentioned. Two holes are made on the either ends of the channel to flow the electrolyte.

Figure 59: Image of the CNPs-SF-OECT limonin sensor for representation.
The CNPs-SF-OECT limonin sensor was characterized by measuring 𝐼𝐼𝐷𝐷𝐷𝐷 at fixed 𝑉𝑉𝐺𝐺 and drain

voltage 𝑉𝑉𝐷𝐷𝐷𝐷 voltages. The change in concentration of limonin shall induce a change in channel

current 𝐼𝐼𝐷𝐷𝐷𝐷 , thereby we can demonstrate a relationship between the analyte concentration
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and 𝐼𝐼𝐷𝐷𝐷𝐷 . We can set the signal/noise > 3 of the 𝐼𝐼𝐷𝐷𝐷𝐷 response to demonstrate the limit of detection.

The transfer characteristics of OECT is the channel current 𝐼𝐼𝐷𝐷𝐷𝐷 as the function of 𝑉𝑉𝐺𝐺 at a fixed

drain voltage 𝑉𝑉𝐷𝐷𝐷𝐷 is also measured. The change in the transfer characteristics can be attributed
to the change in the offset voltage, related to the potential drop at the two interfaces:

electrolyte/gate electrode and electrolyte/PEDOT: PSS.
Different 𝑉𝑉𝐺𝐺 resulting in different curves of IDS curves have been recorded. The effect of
interfering species can be demonstrated by the 𝐼𝐼𝐷𝐷𝐷𝐷 vs time, in which it is expected that the 𝐼𝐼𝐷𝐷𝐷𝐷

does not change with the change in incorporation of interfering species in the electrolyte. In the
𝑒𝑒𝑒𝑒𝑒𝑒

relationship between 𝑉𝑉𝐺𝐺

and the limonin concentrations, the slope of α of the fitting curve in

the linear region will determine the response of the sensor towards target limonin.

4.3.4 Sensitivity of CNPs-SF- OECT Limonin Sensor
The sensitivity of the CNPS-SF OECTs limonin sensor was tested with different concentrations
of limonin. Initially limonin was dissolved in DMSO to make 25mM. Then the solution is
diluted in 10% DMSO till 2.5mM and further diluted to 1mM and to subsequent lower
concentrations in PBS. The microfluidic channel with the two holes is assembled on the Au
electrodes developed on the Si wafer. Small polymer pipes with appropriate diameter are
inserted in the holes of the microfluidic channels to dispense the electrolyte (limonin in PBS)
inside the microfluidic channel. The channel connects the PEDOT: PSS deposited between the
source and drain electrodes and the SF-CNPs on gate electrode.
The source meter has two high force outlets, where one is connected to the drain which is at a
higher potential than source. The voltage applied at drain is marked to be 𝑉𝑉𝐷𝐷 (same as𝑉𝑉𝐷𝐷𝐷𝐷 ) is

applied between the source and drain which generates the current𝐼𝐼𝐷𝐷𝐷𝐷 . The other high force outlet
120

of the source meter is connected to the gate electrode which has the CNPs-SF electrospun fibers
deposited on it. The fibers are deposited by lying down a 0.5 cm in diameter nanofiber circular
sheet and drying water to adhere to the gold electrode. This way no solvent or adhesive is used
to connect the CNPs-SF fibers with Au electrode to avoid chemical modification of the fibers.
The 𝐼𝐼𝐷𝐷𝐷𝐷 changes with change in applied gate voltage 𝑉𝑉𝐺𝐺 and drain voltage𝑉𝑉𝐷𝐷 . Additionally 𝐼𝐼𝐷𝐷𝐷𝐷

also changes if the conductivity of the PEDOT: PSS changes (if it undergoes doping or dedoping from the ions interacting or penetrating PEDOT: PSS) and also if there is any interaction
of the electrolyte with the gate electrode (or any transducer present on the gate electrode). This
establishes the basic principle of the limonin sensor where limonin interacts with the PEDOT:
PSS and the CNPs-SF nanofibers and produces a change in 𝐼𝐼𝐷𝐷𝐷𝐷 (Same as𝐼𝐼𝐷𝐷 ).

Figure 60 shows the transfer characteristics of a typical OECT sensor of where the channel
current 𝐼𝐼𝐷𝐷 is studied as a function of 𝑉𝑉𝐺𝐺 at a fixed drain voltage 𝑉𝑉𝐷𝐷 for 1µM limonin detection.

The change in the transfer characteristics can be attributed to the change in the offset voltage,
related to the potential drop at the two interfaces: electrolyte/gate electrode and
electrolyte/PEDOT: PSS. The transfer characteristic curves are very similar to that obtained in
the reference study from which the OECT designed has been inspired [209]. 𝑉𝑉𝐷𝐷 has been

changed in increments of 50mV to observe an increase in 𝐼𝐼𝐷𝐷 . It has to be noted that the 𝐼𝐼𝐷𝐷

decreases as the 𝑉𝑉𝐺𝐺 increases which is the typical behavior of OECT. This also confirms that
the OECT is perfectly operating in presence of PBS electrolyte containing limonin.

121

Figure 60: The transfer characteristic graph of the CNPs-SF-OECT where channel current 𝐼𝐼𝐷𝐷
is studied as a function of 𝑉𝑉𝐺𝐺 at a fixed drain voltage 𝑉𝑉𝐷𝐷 for 1µM limonin detection.

The sensitivity of the CNPs-SF-OECT has been studied by analyzing the transfer characteristics
of the OECT at different concentrations of limonin. The sensor has also been tested to confirm
that the increase in 𝐼𝐼𝐷𝐷 is not arising due to the presence of PBS or DMSO which are present in
the electrolyte. Additionally CNPs that were formed inside the SF using in-situ preparation
methods were synthesized by immersing the fiber sin H2O2 and NH4OH to get two different
surface chemistries to select a better sensor material for developing the CNPs-SF-OECT sensor
for detection of limonin.
In Figure 61, it can be clearly observed that the increase in 𝐼𝐼𝐷𝐷 is independent of the presence of
PBS and DMSO. It can be clearly seen that the values of 𝐼𝐼𝐷𝐷 are below ~80µA for both DMSO
and PBS. The current values for 10µM detection of limonin start at 125µA and ~170µA for

CNPs-SF nanofibers presented on the gate electrode prepared using NH4OH and H2O2
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respectively. It can be inferred that CNPs indeed form a redox couple with limonin to help in
the detection by chemically being sensitive towards each other. It can be clearly noted that the
CNPs-SF nanofibers, in which CNPs were prepared using H2O2 are more sensitive towards
limonin detection than that of those prepared using NH4OH. It has be noted that the below graph
has been recorded at 𝑉𝑉𝐷𝐷 = 150mV.

Figure 61: The transfer characteristic graph between 𝐼𝐼𝐷𝐷 vs 𝑉𝑉𝐺𝐺 at 𝑉𝑉𝐷𝐷 = 50mV. It can be clearly
observed that the PBS and DMSO does not have increased 𝐼𝐼𝐷𝐷 making it insensitive towards

limonin detection. Additionally the CNPs-SF from NH4OH is a better transducer than CNPsSF- from H2O2 to detect limonin.

The transfer characteristics of the CNPs-SF-OECTs have been measured and analyzed for
different concentrations of limonin. The tested concentrations are 1mM, 10µM, 1 µM, 100nM
and10nM. In Figure 62 it can be clearly observed that the CNPs-SF-OECT sensor can detect up
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to 10nM concentration of limonin. The graphs clearly show an increase in 𝐼𝐼𝐷𝐷 , with increase in

concentration following a trend. Additionally it can be clearly observed that the just PBS
transfer characteristic curve lies far below the limonin detection curves. The Figure 62 graphs
were analyzed for the CNPs-SF from H2O2 samples.

Figure 62: (A) (B) The CNPs-SF-OECT limonin sensor exhibits sensitivity up to 10nM
detection of limonin using the transfer characteristic curves of the OECTs. Additionally it
shows that the just PBS solution curves is far from the detection curves of limonin.

Furthermore, the sensor has been tested using the different CNPs-SF patches that have been
prepared. In CNPs-SF nanofiber patches have been prepared by synthesizing the CNPs in-situ
inside the SF fibers after electrospinning by soaking in H2O2 and NH4OH to achieve different
surface chemistry of CNPs. Moreover as discussed earlier, CNPs have been incorporated inside
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Figure 63: The gate voltage shifts with the change in concentration of limonin are analyzed to
depict the sensitivity of the device using different CNPs-SF. 5mM CNPs-SF in H2O2, 2.5mM
CNPs-SF in H2O2, 5mM CNPs-SF in NH4OH, 5mM FDCNPs-SF (non in-situ method
preparation) and just SF nanofibers have been used to test the sensitivity towards limonin
suing the OECT.

CNPs-SF using the non in-situ method were developed by just adding freeze dried (FD) CNPs
to the SF solution prior to electrospinning. Comparing the CNPs- SF patches generated using
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in-situ and non in-situ shall show the effect of having CNPs on the top of the fibers too.
Additionally CNPs were synthesized inside SF fibers by changing the concentration of the
cerium salt added to the SF solution before electrospinning. All the above discussed results are
for CNPs generated at a concentration of 5mM and another concentration of 2.5mM has been
prepared to compare the sensitivity of sensor using different concentration of CNPs inside the
SF fibers.
Figure 63 shows the gate voltage shifts with the change in concentration of limonin, depicting
sensitivity of the device using different CNPs-SF. It can be clearly observed that with the
increase in concentration of the cerium precursor salt in the SF solution prior to electrospinning
increases the sensitivity of the CNPs-SF-OECT sensor towards limonin detection. Additionally
the CNPs prepared from H2O2 exhibit increased sensitivity compared to CNPs prepared from
NH4OH towards limonin detection. This shows that CNPs with more Ce3+ on the surface in case
of CNPs from H2O2 show increased sensitivity towards limonin and make an excellent sensor
material to detect limonin. Moreover, the CNPs-SF prepared using non in-situ technique hardly
exhibited any sensitivity owing to the fact that that majority of the CNPs inside the SF fibers
could not come in contact with the limonin in the electrolyte. This establishes that the
preparation of CNPs inside SF directly after electrospinning the fibers has proven to be efficient
considering the increased sensitivity. Another important observation is that the just SF
nanofibers are not sensitive towards limonin detection by itself and only in the presence of
CNPs, exhibit increased sensitivity towards limonin.

4.4 Summary

The study has successfully depicted the development of an efficient transducer for detection of
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limonin using CNPs. In this study, CNPS have been immobilized on the surface and inside the
electrospun nanofiber structures of SF. SF has been extensively used to immobilize enzymes in
electrochemical biosensors. Additionally the SF nanofibers are fabricated to make the SF
nanofibers intrinsically in-soluble in water, making it ideal to immobilize CNPs for detection.
We have explored the process of developing CNPs that were incorporated inside SF by just
adding them to the SF solution prior to electrospinning (non in-situ technique) and by forming
the CNPs in-situ inside the SF nanofibers after electrospinning by soaking in the oxidizing
precursors. In this study, the chemical structure of SF and the surface chemistry of CNPs have
been investigated to be restored after the formation of SF nanofibers. The TEM, UV-visible
spectroscopy and SOD mimetic assay analysis prove that the antioxidant property of CNPs has
not been compromised after incorporating inside SF nanofibers. OECT were fabricated to use
the CNPs-SF as transducer to detect limonin in PBS electrolyte. The OECT was fabricating
using three Au electrode (drain, source and gate) with the CNPs-SF immobilized on to the gate
electrode and a PEDOT: PSS channel deposited between the source and drain electrode.
Different CNPs-SF nanofibers were characterized toward developing a better sensor material
for detecting limonin in terms of concentration of CNPs, surface chemistry and the method of
incorporating CNPs inside SF. It was inferred that CNPs indeed form a redox couple with
limonin which makes it a transducer in the detection by chemical sensitivity. Moreover, it has
been proved that CNPs which were synthesized in-situ of SF fibers using H2O2 as precursor
have increased sensitivity compared to that prepared using NH4OH. Additionally 5mM
concentration of CNPS exhibited increased sensitivity towards limonin. The CNPs prepared insitu depicted increased sensitivity towards limonin compared to CNPs incorporated inside SF
using non in-situ techniques. The presence of CNPs have definitely increased the sensitivity of
the limonin sensor compared to just SF nanofibers.
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This concluded that the CNPs-SF-OECT limonin sensor has potential applications in sensing
limonin on field applications in the future. The broader application of the study is the future
field and research application of the CNPs-SF- OECT sensor for reducing the amount of limonin
in fruit juices, in the fruits and to quantify the dosage of limonin as it’s a potential antioxidant
material.
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CHAPTER FIVE: CONCLUSION

In this dissertation we have explored the physiochemical properties of CNPs and characterized
thoroughly to explore its properties as a potential transducer to detect useful biomolecules.
CNPs have established to have plethora of application in biomedicine, owing to its property to
mimic antioxidants such as SOD and catalase. The ability of CNPs to exhibit the coexistence
of Ce3+ and Ce4+ on the surface of the nanoparticles which creates catalytic oxygen vacancy
hotspots for biological entities to react with it. This dissertation reconnoiters the possibility of
studying the physiochemical changes of CNPs in presence of biomolecule analytes and
extensively investigating whether CNPs can be used as a sensor material in biosensors.
The surface chemistry regulated by the Ce3+/Ce4+ ratio on the surface of CNPs is a characteristic
property of CNPS that modulates its antioxidant bioactivity. CNPs. The first chapter explore
the effects of anions that are present in the precursor cerium salts that are used to synthesize
CNPs using the same wet chemical synthesis method, on the antioxidant property and surface
chemistry of CNPs. The physiochemical properties of CNPs such as dispersion stability, UVVisible spectroscopy, TEM analysis, XPS, etc. were extensively studied. The antioxidant SOD
mimetic activity of all the CNPs prepared from different precursors namely cerium acetate,
cerium ammonium nitrate, cerium chloride, cerium nitrate and cerium sulfate were examined. It
has been observed that the antioxidant property of CNPs changes with change in the anion of
the precursor salt with the highest antioxidant SOD mimetic activity observed in case of CNPsCl and CNP-N. The effect of Cl- and NO-3 ions of CNPs have been further augmented using
UV-Visible spectro-electrochemistry of CNPs- Cl and CNPS-N with varying concentrations of
respective anions. It has been explored that the oxidation potentials and surface chemistry of
CNPs were highly altered by the change in concentration of the ions showing a direct effect of
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the anions. This study is a major development in identifying the role of ions on the oxidation
potential and antioxidant properties of CNPs.
The second study of the dissertation explores the possibility of using CNPs immobilized on
polymer nanopillars as a sensor material to optically detect dopamine. In this study, clinically
relevant concentration up to 1fM detection of dopamine has been achieved using CNPs with the
right surface chemistry immobilized on highly ordered and high surface area PMMA
nanopillars. CNPs have a special chemistry towards dopamine where it oxidized dopamine and
forms a charge transfer complex with the intermediates of dopamine oxidation. This creates a
unique shift in the UV-Visible spectroscopy due to the strong reaction and conjugate formation.
CNPs were immobilized on PMMA-NP which has a theoretical increase in surface area up to
267%. It has been found that the CNPs with more Ce4+ on the surface is more sensitive towards
dopamine, showing selection of right surface chemistry to made an proficient sensor material
for dopamine detection. Additionally the CNPs-NP sensor could detect dopamine metabolites
such as DOPAC and epinephrine. Additionally it exhibit high selectivity towards dopamine
when compared to interfering species such as SBF, ascorbic acid, sheep serum. The robustness
of the sensor depicted the reusability of the sensor up to four cycles of detection. The CNPsNP-Dop sensor that can detect up to 1fM dopamine can revolutionize the detection and
prevention of neurological disorders.
The last study of the dissertation determines the use of CNPs immobilized in/on silk fibroin
electrospun fibers integrated with organic electrochemical transistor to develop a limonin
sensor. It explores the possibility of using CNPs as a sensor material for detecting limonin which
is a limonoid responsible for the bitter taste of citrus fruit juices. The study successfully
integrates CNPs into SF electrospun fibers without compromising the surface chemistry,
antioxidant and physiochemical properties of CNPs. An OECT is fabricated with PEDOT: PSS
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as the semiconductor polymer channel that exhibits change in conductivity when it undergoes
electrochemical redox reactions with analytes. Additionally the CNPs-SF are immobilized on
the gate electrode of the OECT which is sensitive towards limonin. In this study we have been
able to detect limonin up to 10nM concentrations using the CNPs-SF as transducer. Moreover
it was inspected that CNPs with more Ce3+ on the surface has increased sensitivity towards
limonin detection. It was inferred that CNPs underdoes a redox reaction with limonin making
it a sensor material with high sensitivity. Another important find of the study is the in-situ
synthesis of CNPs inside SF electrospun nanofibers by developing the CNPs inside the SF
nanofibers post electrospinning by soaking the SF fibers with cerium precursor salts inside
oxidizing precursor, has increased sensitivity due to increased exposure to analyte. This
research shall fuel potential field applications of limonin detection to improve citrus fruit quality
and help studies to decrease limonin content in the fruits. Furthermore it can help in the
therapeutics and dosage of limonin which is known antioxidant for curing oxidative stress
related ailments.
In all the above mentioned studies, it has been successfully explored the use of CNPs as sensor
material to detect biomolecules such as dopamine and limonin owing to specific chemistry with
the analytes and additionally investigated the role of precursor anion on its physiochemical
properties. The broader impact of the study is to develop holistic diagnostic non-invasive
enzyme free biosensors that can directly be used to detect the analytes using practical samples
from patients and on the field. This will fuel future generation of biosensors which can utilize
similar concepts for the detection of other analytes using reactive transducers that can be printed
on flexible substrates to advance wearable smart biosensor and enable users to wirelessly
monitor concentrations using smartphones.
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